CHARACTERIZING NON-LINEAR STRUCTURAL,
MECHANICAL, AND VOLUMETRIC PROPERTIES OF
ALIPHATIC AND AROMATIC THERMOSETS

A Dissertation Presented
by
Brendan Robert Ondra

Submitted to the Graduate School of the
University of Massachusetts Amherst
In partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

May 2020

Polymer Science and Engineering

© Copyright by Brendan Robert Ondra 2020
All Rights Reserved

CHARACTERIZING NON-LINEAR STRUCTURAL,
MECHANICAL, AND VOLUMETRIC PROPERTIES OF
ALIPHATIC AND AROMATIC THERMOSETS

A Dissertation Presented
by
BRENDAN ROBERT ONDRA

Approved as to style and content by:

___________________________________
Alan J. Lesser, Chair

___________________________________
Alfred J. Crosby, Member

___________________________________
Jonathan P. Rothstein, Member

_______________________________
David A. Hoagland, Department Head
Polymer Science and Engineering

DEDICATION

I owe my success to my Děda and Babi.

ACKNOWLEDGEMENTS
I have been fortunate to have excellent teachers and mentors all throughout my
educational journey. Without their support, investment, and rigor, I would have been illequipped to purse a PhD. All deserve credit and have helped me reach this point. However,
there are a few that I would like to acknowledge specifically. Mrs. Stewart, my sixth-grade
Science teacher, required order and discipline in the classroom and helped to instill a good
work ethic. Even into graduate school, Mrs. Stewart has kept in touch and continues to
encourage me. Mr. DiCarlo, my eleventh-grade English teacher, was one of the most
influential teachers throughout all of high school. He provided guidance and insight in
‘life lessons.’
The first and likely most formative research experience that I had came when I
participated in the Senior Mentorship Program in high school. Working with Mrs. Blevins,
the program director, I was able to perform research at NASA Langley Research Center in
the Advanced Materials and Processing Branch under the guidance of Dr. Hinkley. I would
like to thank Mrs. Blevins for helping to provide me with this opportunity and, especially,
Dr. Hinkley for his pivotal role in my educational and professional development. I can
honestly say that the lessons I learned from and the work that I performed with Dr. Hinkley
have remained with me all throughout college and graduate school.
Lastly, I would like to thank my graduate advisor, Dr. Lesser. Under his guidance,
my graduate school experience became what I always wanted it to be. His support for me
has been endless, much more than I deserve. He has taught me how to be a critical and
effective engineer, and I believe that he has prepared me well for my future career.

v

ABSTRACT
CHARACTERIZING NON-LINEAR STRUCTURAL,
MECHANICAL, AND VOLUMETRIC PROPERTIES OF
ALIPHATIC AND AROMATIC THERMOSETS
MAY 2020
BRENDAN ROBERT ONDRA
B.S., VIRGINIA TECH
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Alan J. Lesser

A unifying theme throughout this dissertation employs advanced experimental
mechanics, including the design and development of new instruments, testing techniques,
and analysis strategies. Chapter 1 covers the design and development of a new instrument
for polymer and composite characterization. More specifically, a bi-fluidic, confiningfluid, pressurizable dilatometer (referred to herein as the BFCF-PVT). Whereas both
classical and contemporary confining-fluid type pressurizable dilatometers utilize a
bellows and / or piston system along with a Linear Variable Displacement Transducer to
apply pressure and track volume changes, the BFCF-PVT that was designed and built
utilizes a fluid-fluid interface (composed of two immiscible fluids that have different
densities). This instrument is capable of transmitting pressure through the fluid-fluid
interface from the pressurizing fluid to the confining fluid (within which the sample is
located), and volume is directly measured through the integration of an optical encoder. In
addition to instrument development and construction, a new calibration procedure was
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developed to characterize and account for instrument response. In order to verify that the
BFCF-PVT can accurately measure and characterize polymeric systems (both solid and
fluid polymer samples), results on model polymer systems are compared to published
historical results for the same polymer systems that were generated using the pressurizable
dilatometer developed by Zoller and it is demonstrated that there is excellent agreement.
Accelerated physical aging of aliphatic and aromatic thermosets is the focus of
Chapter 2. Given the widespread use of glassy materials, especially polymeric glasses,
there is considerable interest both in industry and academia to understand and be able to
predict how the properties of the glass will change with time. To address this interest, two
acceleration strategies are investigated and compared. The traditional route of thermal
annealing and a newly developed strategy referred to as ultra-high pressure conditioning.
A set of three stoichiometric epoxy-based thermosetting glasses were prepared for the
aging studies, and the formulations of these glasses were designed such that they possessed
controlled molecular architecture (i.e. crosslink density and backbone stiffness). The
BFCF-PVT is utilized to perform the ultra-high pressure conditioning, and in doing so the
utility of the instrument to be used not only as a characterization instrument but also as a
conditioning device is demonstrated.

Characterizations of the aged glasses and

comparisons of the acceleration strategies are performed using thermal and mechanical
techniques. The results indicate that ultra-high pressure conditioning ages the glasses in a
different but consistent way when compared with thermal annealing. Additionally, it is
observed that molecular architecture of the polymeric glasses influences the kinetics of
aging.

vii

In Chapter 3, mechanical, dilatometric, and optical measurements are brought
together to fully characterize three mechanical properties of model isotropic polymeric
systems, more specifically Young’s modulus, bulk modulus, and Poisson’s ratio. The
materials used in this work are epoxy-based thermosetting glasses, the same glasses that
were used in the physical aging work of Chapter 2. To measure bulk modulus of the
samples, bulk compressibility tests were performed using the BFCF-PVT described in
Chapter 1. Compression tests were performed to measure Young’s modulus. In order to
evaluate Poisson’s ratio, another new instrument was developed: a bi-directional optical
extensometer (referred to herein as the BD-OE).

This optical extensometer was

synchronized with the mechanical tests on the Instron, and it permitted the tracking of
displacements over a full two-dimensional field. Subsequent custom image analysis, based
off of an edge detection and tracking strategy, enabled the characterization of Poisson’s
ratio as a function of both position on the sample and time during the mechanical test.
Additionally, an analysis routine was developed to reconstruct three-dimensional sample
volumes from the detected edges, and this enabled the evaluation of volume changes (and
subsequently density changes) that occur during compression testing. Upon comparing the
calculated and measured Poisson’s ratios, the results indicate that the bi-directional optical
extensometer and accompanying analysis work well.
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CHAPTER 1
DESIGN AND DEVELOPMENT OF A BI-FLUIDIC,
CONFINING-FLUID, PRESSURIZABLE DILATOMETER
1.1 Abstract
Dilatometry, although once widespread in the polymer community in both
industrial and academic labs, has significantly diminished in its presence over the past
several decades. However, as all classes of polymers are finding ever increasing uses in
diverse fields, the need for dilatometric characterization of polymeric systems is
reemerging and growing. This chapter describes the design and develop of a pressurizable
dilatometer that can be used in both industrial and academic research labs.

The

pressurizable dilatometer that was developed can be described as a bi-fluidic, confiningfluid pressurizable dilatometer (BFCF-PVT). The scientific contributions of this work are
centered around the development of a new, innovative, and improved pressurizable
dilatometer. The utilization of a fluid-fluid interface differentiated the BFCF-PVT from
other two-fluid dilatometers and expanded the realm of permissible fluids. For the first
time, Galinstan was used as the confining fluid and an ionic liquid was used as the
pressurizing fluid for such an application. An improved system calibration and data
analysis procedure resulted in robust and rapid (high throughput) testing capabilities.
Herein, key elements of the instrument design, data acquisition, instrument control,
and calibration will be described. Data acquisition and control are conducted within a
LabVIEW framework. The calibration strategy developed for this instrument involves first
measuring the instrument response (compliance) in the absence of a sample to generate a
calibration surface to account for instrument response. Next, a sample is inserted into the
BFCF-PVT to measure a total response (sample + instrument). Finally, the sample
1

response is then obtained by subtracting the instrument response from the total response.
All analyses of data presented in this dissertation using this instrument are conducted in
this fashion after the tests are completed using custom software written in Mathematica.
In order to verify that the BFCF-PVT accurately measures and characterizes polymeric
samples, comparisons are made with historical measurements on similar polymer systems.

1.2 Introduction
Dilatometry is a scientific field which is based upon measurements of volume
change, and dilatometers are instruments which are capable of making these volume
change measurements [1]. The most basic type of dilatometer is a capillary dilatometer in
which a sample is submerged in a fluid and volume changes of the sample are measured
by tracking changes in a fluid level along a scale of a capillary [2-4]. More advanced
dilatometers also incorporate the ability to apply and control pressure during the
measurements. In general, there are two classes of pressurizable dilatometers: piston-die
type and confining-fluid type [1]. Each type of dilatometer has its own advantages and
drawbacks, details of which will be discussed below.
In a piston-die type pressurizable dilatometer, a sample is confined within a die
cavity and pressure is applied to the sample by applying force to the piston [1, 5, 6]. The
piston-die apparatus itself can then be placed within an environmental chamber so that
controlled heating and cooling can be achieved. Volume change measurements are
determined by measuring the linear displacement of the piston through the use of a Linear
Variable Displacement Transducer (LVDT) and then calculating the associated volume
change using details related to the sample cell geometry and the linear displacement. When
working with solid samples, sample preparation typically involves molding the sample into
2

the appropriate shape so that it can fit within the die cavity. As a result of this sample
preparation requirement, restrictions are placed on the types of solid samples which can be
characterized. For example, having to pre-mold a sample might erase a thermal and / or
mechanical history in the sample that may be of interest to study and characterize
dilatometrically.
Lubrication of solid samples within the die cavity can also present a challenge.
Incomplete or insufficient lubrication can lead to sticking of the sample to the die walls.
When sticking occurs, shear is introduced into the applied loading and will further
complicate the analysis of the measurements due to a lack of knowledge of the exact
loading conditions that the sample is subjected to. When working with fluid samples, the
biggest issue relates to preventing leaks. One particular advantage associated with a pistondie type pressurizable dilatometer is that it is possible to incorporate controlled shear into
the pressure loading [5]. Granted, not all piston-die type pressurizable dilatometers possess
this ability, but it is possible. Having the ability to apply a controlled shear during a
measurement can mimic conditions that may exist during a commercial processing such as
extrusion or injection molding and is ideal for studying pressure effects on flow induced
crystallization for example.
In a confining-fluid type pressurizable dilatometer, the sample is completely
submerged within a confining fluid, and hydrostatic pressure is applied to the sample by
pressurizing the surrounding confining fluid [1, 6].

The advantage of this type of

instrument is that the loading condition is truly hydrostatic (equal stress applied from all
directions). The only restriction on the choice of fluid to use as a confining fluid is that it
should not react with or permeate the sample in any way. The confinement apparatus can
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then be contained within an environmental chamber so that controlled heating and cooling
can be achieved. Both classical and contemporary dilatometers of this type have typically
evaluated volume changes through the use of an LVDT [7, 8] via a linear displacement that
is measured and then calculating the associated volume change. Further design and
operational details of dilatometers of this type vary considerably from instrument to
instrument. As such, further discussion of design and operational details of this type of
dilatometer will be focused on two specific instruments, one classical dilatometer
developed by Zoller [8] and one contemporary dilatometer developed by McKenna [7].
The classical confining-fluid type pressurizable dilatometer was developed by
Zoller, and the majority of pressure-volume-temperature (PVT) data that is available for
polymers today has been generated using one of the versions of the Zoller PVT [9]. Figure
1.1 presents a schematic of the Zoller PVT with the various components of the instrument
identified [9].

Figure 1.1: Schematic of the Zoller PVT [9]
4

The confining fluid for this dilatometer is mercury (the yellow fluid in the
schematic in Figure 1.1). From a physical properties point of view, mercury is an excellent
choice for a confining fluid. Given the fact that mercury is a liquid metal, it possesses good
thermal conductivity (important for conducting heat efficiently to a sample) and low
compressibility (it is much stiffer than the polymer samples submerged in it) [10]. Mercury
is also non-reactive towards polymer samples [11, 12]. In the Zoller PVT, the sample
chamber is contained inside of a pressure vessel, and the bottom end of the sample chamber
is comprised of a set of bellows. One side of the bellows is in contact with the confining
fluid while the other side of the bellows is in contact with the pressurizing fluid. Note that
there are two separate chambers in the Zoller PVT, and there is no fluid-fluid interface. A
rod is connected to the bellows so that any deflections of the bellows can be converted to
a linear displacement and ultimately volume change arising from either pressure or
temperature changes. Pressure is applied through the use of either an automated or manual
high-pressure hand pump, and the pressurizing (hydraulic) fluid is typically a silicone fluid
(the light blue fluid in Figure 1.1). Temperature control is conducted through the use of a
heating jacket depicted in Figure 1.1.

At one point, Zoller PVT instruments were

widespread and commonplace in both industrial and academic labs. However, largely due
to both safety and health concerns associated with mercury, Zoller PVT instruments have
been phased out [13, 14]. It is interesting to note that the Zoller PVT is sealed by using a
hydraulic ram; once all of the components are in place, a hydraulic ram applies sufficient
pressure (~12 tons) to compress and seal the system [8].

5

A contemporary confining-fluid type pressurizable dilatometer in use today that is
noteworthy to highlight was developed by McKenna and Simon [7, 15, 16]. Figure 1.2
presents a schematic of the McKenna PVT with the various components identified [7].

Figure 1.2: Schematic of the McKenna PVT [7]

The confining fluid for this instrument is a commercially available fluorinated
synthetic oil known as Krytox, which is a poly(hexafluoropropylene oxide) [7]. Krytox,
although much safer than mercury, is a less desirable confining fluid from a physical
properties point of view [13, 17] for a number or reasons. Given the fact that it is a
polymeric fluid, its thermal conductivity is much lower and its bulk compressibility is
much higher when compared to mercury. These are serious drawbacks when it comes to
the selection of a fluid to be used as a confining fluid in this type of pressurizable
dilatometer since the fluid compressibility affects the volume change precision and the
thermal conductivity affects the achievable heating and cooling rate.

6

Krytox is known to be non-reactive and does not swell or permeate many polymers
[7]. In the McKenna PVT, the pressure generation unit is comprised of a stepper motor,
piston, and LVDT. Pressure is applied through the stepper motor, and volume changes are
evaluated by tracking linear displacements of the piston through the use of the LVDT and
then calculating the associated volume change knowing the geometric details of the sample
chamber and the linear displacements.
Pressurizable dilatometers, especially the confining-fluid type, are able to perform
a wide variety of different tests which involve and / or require control of temperature,
pressure, and volume.

In this way, pressurizable dilatometers have the ability to

characterize polymer systems in ways which are not possible with other testing and
characterization techniques.

As an example, in addition to characterizing thermal

transitions such as the glass transition, melting, and crystallization, the pressure
dependences of the glass transition temperature, the melting temperature, and the
crystallization temperature can all be evaluated with a pressurizable dilatometer [18-20].
Other material properties such as the volumetric coefficient of thermal expansion and the
bulk compressibility (and thereby bulk modulus) can also be measured, and their
dependences on both temperature and pressure can be evaluated.

All of these

thermodynamic measurements are of great fundamental importance as well as relevant for
commercial applications and processes such as extrusion and injection molding [6, 21]. As
new polymeric systems are developed for continually expanding consumer products or the
use of existing polymeric systems expands to new consumer products, it is common
practice to first model the injection molding or extrusion process prior to devoting
resources to trial and error and process optimization. In order to perform the accurate
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modeling, accurate thermodynamic information about the polymer systems is needed and
pressurizable dilatometers are able to generate this required information.

Isobaric,

isothermal, isochoric, and combinations of these conditions can be also be achieved
through appropriately designed test protocols.

1.3 Design of the BFCF-PVT
In the previous section, a brief description of both a classical (the Zoller PVT [8])
and a contemporary (the McKenna PVT [7]) dilatometer was provided. Both of these
dilatometers were valuable sources of information and motivation when it came to
designing the BFCF-PVT. The first design consideration dealt with choosing between the
piston-die type and the confining-fluid type; the confining fluid type was selected. Herein,
details related to the complete design and development process of the instrument are
presented.
A more precise description of the instrument described herein is a bi-fluidic,
confining-fluid pressurizable dilatometer (and it will be referred to as the BFCF-PVT in
this dissertation). As the name indicates, the instrument involves the use of two different
fluids: one is the confining fluid and the other is the pressurizing fluid. Figure 1.3 presents
a simplified schematic of the general design principle upon which the instrument was
developed. At one end of the instrument is a pump and at the other end of the system is a
sample reactor inside of an environmental chamber. Connecting these two ends of the
instrument is the two-fluid system with a fluid-fluid interface. The two fluids can be
considered to be in series, and as such, the total volume response of the system is the
summation of the volume responses of the two fluids. Whereas both fluids will experience
pressure changes, only the confining fluid will also experience temperature changes. As
8

will be discussed in greater detail in a later section, the calibration procedure for the
instrument takes into account the compressibility of the pressurizing fluid and both the
compressibility and thermal expansion of the confining fluid.

Figure 1.3: Simplified Schematic of the BFCF-PVT Design Principle

Recognizing the thermal and mechanical benefits of using a liquid metal as the
confining fluid for this sort of application, a commercially available liquid metal eutectic
alloy of gallium (68.5 %), indium (21.5 %), and tin (10 %), referred to as Galinstan (Roto
Metals and GalliumSource), was selected [22, 23]. This liquid metal is a well-suited
replacement for mercury. It possesses similar physical properties but does not possess the
safety and health concerns that are associated with mercury [24]. In particular, this liquid
metal has low compressibility (bulk modulus ~13.5 GPa), good thermal conductivity (16.5
W m-1 K-1), and it is safe to work with [22, 23]. Additionally, this liquid metal does not
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experience any phase transitions over a very wide temperature range.

Its melting

temperature is -19°C, and the boiling temperature is in excess of 1,300°C [22, 23]. For the
pressurizing fluid, a commercially available ionic liquid, 1-ethyl-3-methylimidazolium
ethyl sulfate (EMIM-EtSO4) was selected [25]. The chemical structure of this ionic liquid
is shown in Figure 1.4.

Figure 1.4: Chemical Structure of 1-Ethyl-3-Methylimidazolium Ethyl Sulfate

This ionic liquid was selected as the pressurizing fluid due to the fact that it has
been previously demonstrated that ionic liquids possess bulk moduli which are greater than
the bulk moduli for more traditional aqueous- and hydrocarbon- based hydraulic fluids
[26]. As such, the use of the ionic liquid facilitates an enhanced system stiffness when
compared to other hydraulic fluids, and ionic liquids in general have the potential to be
better choices for all types of hydraulic systems. Although two fluids have been specified
for the BFCF-PVT at this point, they are by no means the only two fluids which can be
used. In fact, the possibilities for fluid selection are near limitless. There are simply two
requirements which must be satisfied when selecting fluids: (1) the two fluids must have
different densities, and (2) the two fluids must be immiscible. Pertaining to the density
requirement, the confining fluid should have the higher density of the two fluids. For the
BFCF-PVT, Galinstan has a density of 6.44 g cm-3, and EMIM-EtSO4 has a density of 1.24
g cm-3 [23, 25].
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The main advantage associated with the use of a bi-fluidic system that has a fluidfluid interface is that the need for a bellows system and the use of an LVDT can be
eliminated. In the BFCF-PVT, pressure is transmitted from the pressurizing fluid to the
confining fluid through the fluid-fluid interface that exists between the two fluids. Volume
change measurements are carried out directly through the use of an optical encoder (more
details about instrument hardware are provided in a subsequent section of this chapter)
instead of indirectly through the use of an LVDT. By eliminating the need for a bellows
system, the BFCF-PVT is not hindered by the mechanical or volumetric limitations that
are associated with bellows systems. In terms of mechanical limitations, the deformations
of a bellows are restricted to a defined interval, based on details (such as size, shape, and
material) of the bellows and the compliance of the bellows is also not completely uniform
over the entire range of deformation. With respect to volumetric limitations, each bellows
system will have a defined minimum accessible and maximum accessible volume change.
As long as the fluid-fluid interface in the BFCF-PVT remains within a vertical section of
tubing, there are no limitations (mechanical or volumetric) on the total volume change
which can be accommodated.
One final point pertaining to the need for a two-fluid system is worth
acknowledging. Although it would be preferred to simply use one fluid, more specifically
the liquid metal, it has been found that this is not possible. When any amount of liquid
metal enters the pump, it contaminates the pump seals, leaks cannot be avoided, and the
entire pump has to be disassembled in order to replace the seal assemblies and clean the
internal cavity of the pump. This is why a second fluid, a pressurizing fluid, is required.
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Instrument control and data acquisition are performed through the use of a custom
LabVIEW program. Basic Principles LLC was subcontracted and took a lead role in the
preparation of the LabVIEW program. All measurement analysis is performed after testing
is complete and using custom Mathematica code prepared to perform the analysis.
Instrument control, data acquisition, and measurement analysis are ongoing efforts with
Basic Principles LLC with the aim of developing a stand-alone LabVIEW executable. The
instrument is, however, fully functional and complete in its current configuration.

1.3.1 Instrument Diagram
Figure 1.5 shows the instrument diagram for the BFCF-PVT with the various
components labeled, and Table 1.1 provides identification of the labeled components. The
finalized design of the BFCF-PVT is the result of a total of four versions, each subsequent
version building upon the previous. The overall design of the instrument incorporates a
modularity in terms of the specific hardware components used. Hardware was selected in
such a way that different instruments built from the same design could be rated for different
temperature and pressure ratings. Two instruments were actually constructed: one for
Exxon Mobil Research and Engineering Company (the sponsors of the research) and one
for the Lesser research group at the University of Massachusetts Amherst in the
Department of Polymer Science and Engineering. See Figure 1.6 for images of the two
instruments and Table 1.2 for instrument specifications for each. More detail about the
hardware used for each of the instruments will be provided subsequently in this section.

12

Figure 1.5: Instrument Diagram of the BFCF-PVT

Table 1.1: BFCF-PVT Component Identification

.

13

Figure 1.6: The Two BFCF-PVT’s Which Have Been Built
(a) Built for Exxon Mobil (b) Built for the Lesser Research Group

Table 1.2: Instrument Specifications for the Two BFCF-PVT’s

The pump used for the BFCF-PVT is a Teledyne Isco 30D high-pressure syringe
pump which is rated to a maximum pressure up to 206.8 MPa (30,000 psi) [27]. Pressure
measurements are made at the top of the pump cylinder with a Honeywell Model TJE
precision pressure transducer. All of the dilatometric work in this dissertation utilized a
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pressure transducer rated to 206.8 MPa (30,000 psi); however, it is possible to swap out
this higher rated pressure transducer for other pressure transducers rated at lower pressures
(as long as the mechanical and electrical connections are the same for the different
transducers). There are several practical reasons for doing this. One reason is that not all
experiments require such high pressures, and lower pressure level transducers provide
higher precision in the pressure measurement. The achievable resolution of these pressure
transducer is related to the pressure full scale (e.g. specified resolution of 0.2 % of full
scale at constant temperature) [27]. Although they have not been used thus far, several
additional pressure transducers rated to lower pressures (51.7 MPa (7,500 psi) and 103.4
MPa (15,000 psi)) have been purchased for this instrument. Refer to the Future Work
section of this chapter for more information about this. Volume measurements are made
in the base of the pump with an optical encoder, and the gear system which drives the pump
is rated to 1.825 nL/step [27]. The total volume capacity of the pump cylinder is 30 mL;
however, the developed testing protocol specifies that at the start of a test, there should
only be 5 mL of fluid in the pump to minimize the total fluids in the system. More details
about this restriction will be provided in the testing and calibration section of this chapter.
Temperature control is achieved through the use of a custom designed
environmental chamber from Mellen Company. One unique feature of this environmental
chamber is that it incorporates what the company refers to as Active Cooling Technology
(ACT) [28] that enables controlled cooling in addition to heating. In addition to a PID
controlled heating system, the environmental chamber also incorporates a highly
customizable cooling system that operates alongside the heating system. The cooling
system is comprised of eight fans external to the interior of the environmental chamber but
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whose flow is directed into and circulates around the internal space of the chamber. The
proprietary ACT software, provided by Mellen Company, modulates the power supplied
to the fans and has its own set of tunable parameters. An important phase of the
development of the pressurizable dilatometer was performing tuning experiments for both
the PID controller of the heating system and the ACT controller of the cooling system. Due
to the fact that the sample reactor is comprised of a large thermal mass and the heating is
convective in nature, finding appropriate parameters for controlled heating and cooling
presented a significant challenge. Despite these challenges, parameter settings for both
controllers were successfully determined, and very good temperature control was achieved.
It was found that for effective heating, cooling, and isothermal holds, all of the fans needed
to be engaged to some extent to circulate air continuously throughout the internal chamber
of the environmental chamber.
All of the tubing and valves were purchased from High Pressure Equipment
Company. For both dilatometers that were built, all of the tubing was rated to 413.7 MPa
(60,000 psi). For the instrument for Exxon Mobil, all of the valves were rated to 206.8
MPa (30,000 psi), and for the instrument for the Lesser research group, all of the valves
were rated to 413.7 MPa (60,000 psi). One component of the tubing is worth discussing in
more detail; see labeled component 8 in Figure 1.5. This section of tubing is a custom
designed tubing helix, and it is an interchangeable piece in the instrument. Two different
tubing helices were designed and purchased; see Figure 1.7. The smaller tubing helix has
an approximate internal volume of 1.4 mL, and the larger tubing helix has an approximate
internal volume of 2.5 mL. By changing the tubing helix on the instrument, the internal
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system volume can be changed as well as the length of the vertical section of tubing for the
fluid-fluid interface.

Figure 1.7: Tubing Helices
Approximate Internal Volume: (a) 2.5 mL (b) 1.4 mL

Minimizing the internal system volume of the pressurizable dilatometer is an
important design consideration. If the internal system volume (referring to the volume in
the pump cylinder, tubing, valves, sample reactor, etc.) is too large, the system response
(meaning the instrument response) can dwarf and hinder the clear detection of a sample
response. In order to accommodate larger volume changes that can occur in certain types
of polymer samples, (e.g. elastomers or highly crystalline samples) helical tubing sections
(Figure 1.7) were introduced into the instrument to maintain the fluid-fluid interface within
a vertical section of tubing. If this interface migrates beyond the vertical section of tubing
during a test, the pump becomes contaminated with the liquid metal and the test fails.
Additionally, the instrument once contaminated needs to be disassembled (including
replacement of the pump seals) and thoroughly cleaned. The tubing helix ensures that this
does not happen, and it does so without occupying a large footprint. Refer to Appendices
A and B for the engineering drawings of the two tubing helices.

The instrument

configuration together with the sample initial volume size can be modified to provide the
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optimum precision for a broad range of materials. Note, however, that a new calibration
run is required for any change in the instrument, such as changing the helical tubing section.
A variety of safety devices have been incorporated into the design and operation of
the pressurizable dilatometer, both for temperature and pressure. These were particularly
important for the dilatometer that was constructed for Exxon Mobil because of their
stringent laboratory safety requirements. In Figure 1.5, component 7 is a rupture disc. In
the event that there is an over pressurization, the rupture disc is in place to protect the pump
and the pressure transducer. From experience, when a rupture disc bursts, all of the fluid
that is in the instrument rapidly drains the system through the broken rupture disc. It has
been found that simply placing a bag over the safety head of the rupture disc is sufficient
to capture and contain all of the fluid. To prevent a thermal runaway event from occurring,
an over temperature controller has been incorporated into the instrument.

The

environmental chamber itself is plugged into the over temperature controller and not into
the wall outlet. For the over temperature controller, a thermocouple (type K) is placed in
the wall of the environmental chamber and an upper temperature limit is set in the
controller. For the instrument for Exxon Mobil, the upper temperature limit is set at 300C,
and for the instrument for Lesser research group, the upper temperature limit is set at
450°C. If the measured temperature in the wall of the environmental chamber exceeds this
upper temperature setpoint, power is cutoff to the environmental chamber.
Visual indicators (lights) for both temperature (red light) and pressure (blue light)
have also been incorporated on two sides of the instrument: the front side and the side next
to the environmental chamber. When the temperature is above 40°C, the temperature light
turns on, and when the pressure is above 3.4 MPa (500 psi), the pressure light turns on. As
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can be seen in Figure 1.6, the dilatometers are built into a custom designed workstation;
see Appendix C for an engineering drawing of the workstation. The workstation is custom
built by Airline Hydraulics, and its design is not only ergonomic but also functional. Early
on in the development process, it was found that temperature control of the workstation is
very important. Even subtle changes in room temperature results in measurable volume
changes that can convolute the intended measurements. Several steps have been taken to
better insure stable and consistent temperature for both the workstation and the lab where
the instrument is located. On the workstation itself, both passive and active temperature
controls have been incorporated.

All of the electronics are located in separate

compartments from the tubing and valves, and each compartment is thermally insulated.
Finally, a set of cooling fans have been wired that exchange air in the plumbing section of
the workstation with the laboratory environment to avoid any heating from the electronics
(pump and environmental controllers). These cooling fans turn on when the temperature
indicator lights turn on.
The sample reactor (component 10 in Figure 1.5) is another custom designed
component that is manufactured by High Pressure Equipment Company (refer to Appendix
D for an engineering drawing). The current design of the sample reactor is rated for 206.8
MPa (30,000 psi) and 300°C with a total internal volume of 8 mL. Figure 1.8 shows a
schematic of the sample reactor. The sample cavity inside of the reactor is cylindrical in
shape with a diameter of 0.5” and a nominal height of 1.27”. One thermocouple (type K)
is placed in the thermocouple well during a test, and it is used as both the control
thermocouple and the temperature measurement thermocouple.
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Figure 1.8: Schematic of the Custom Sample Reactor

1.3.2 Test Setup and Calibration Strategy
There are a variety of different tests that can be conducted with the BFCF-PVT.
For highest precision, it is ideal to conduct a calibration experiment (a test without a
sample) under the same conditions that are used during the test containing a sample. That
is, run two tests: one to measure the instrument response and the other to measure the total
response (sample + instrument). This section outlines the common test protocol that
enables the evaluation of the sample behavior over a broad range of temperatures and
pressures from a single test. This includes general sample insertion and instrument setup,
temperature and pressure profile programming, and the calibration procedure. To facilitate
this discussion, Figure 1.9 shows the instrument diagram (as seen in Figure 1.5) with a
labeling convention that identifies specific valves. Prior to any testing, all of the electronics
are turned on and allowed to warm up. Repetition is an important component of the testing
procedure, as well as following a specific protocol. The exact same process must be
followed both when setting up the instrument and when breaking it down and cleaning.
From experience, repetition and following the same protocol help to minimize potential
variation from test to test.
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Figure 1.9: Instrument Diagram of the BFCF-PVT with Valve Labeling

The majority of the BFCF-PVT is never disassembled between tests. Only when
repairs are needed (e.g. the rupture disc has burst or there is a leaking valve) is there
substantial disassembly of the instrument. The sample reactor assembly (comprised of
V10a/b, the sample reactor, V11a/b, and the tubing that connects them) is the only
component of the instrument that is fully removed and disassembled between tests, see
Figure 1.10. Due to the continual assembly and disassembly of the sample reactor
assembly, the tubing and valves of this component of the instrument have a far shorter life
expectancy than other sections of tubing or valves on the instrument and must be changed
more frequently. After a test is complete and the sample reactor assembly is removed and
fully disassembled, all of the pieces are washed by hand (using brass and stainless steel
brushes and sponges) with soap (Sparkleen 1 Fisherbrand) and hot water. After washing,
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all of the pieces are initially blown dry with compressed air to facilitate removal of residual
moisture (from within the tubing and valves) and then they are allowed to finish drying in
an oven (set at 80°C) overnight. It is vital to ensure that all moisture is removed from the
pieces before they are used in a test; otherwise, a water response is detected during the test.

Figure 1.10: Schematic of the Sample Reactor Assembly

Every time a new sample is tested, the entire sample reactor assembly has to be
assembled. This assembly is performed with calibrated torque wrenches. Anti-seize
(copper anti-seize brake lube from 3M) is used at all screw joints of the sample reactor
assembly to facilitate disassembly after a test is complete. Once the sample reactor
assembly is assembled, it is connected to the instrument at the connection point on the
bottom of V10a/b.
While the sample reactor assembly is being put together, two other tasks are being
completed simultaneously. One task is purging all of the tubing and valves with nitrogen.
This purging step rids the tubing of oxygen (which is critical when using Galinstan as a
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confining fluid) and helps to ensure that any residual fluid in the tubing or valves that
remained even after the cleaning from the previous test is removed. The nitrogen inlet is
located at V2b. By closing V2a, the pump can be isolated from the rest of the system.
While purging the tubing and valves, the pump is filled with the pressurizing fluid (the
ionic liquid). In order to minimize the amount of air introduced into the pressurizing fluid
while filling the pump, a slow flowrate of 2 mL/min is used to fill the pump. With a total
volume capacity of 30 mL, it takes fifteen minutes to entirely fill the pump, and the purging
of the tubing and valves is performed for this entire duration. Once the pump is filled, the
purging is complete, and the sample reactor assembly is connected to the instrument, the
filling of the two fluids can begin. The pump is used to fill the tubing with the pressurizing
fluid while the confining fluid is injected by hand. The first step is to fill the tubing with
the pressurizing fluid.
For the pressurizing fluid, a flowrate of 10 mL/min is initially used to fill the tubing
to location V4 (a bleed off point) to remove any entrapped air that might be present. Next,
the pump flowrate is reduced to 1 mL/min and the pressurizing fluid is pumped to location
V6 (another bleed off point). At this location additional fluid is allowed to flow until the
final desired amount of fluid in the pump is achieved (5 mL). Due to the fact that the
compressibility response of fluids is volume dependent, it is important to always start a test
with the same initial volume of fluid in the pump. The greater the volume of fluid, the
more volumetric compression that can take place upon pressurization. From experience, 5
mL of pressurizing fluid in the pump is sufficient to accommodate the expected volume
changes associated with increasing pressure on test samples.
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After the filling of the pressurizing fluid is complete, the filling of the confining
fluid is started. The order of fluid filling is important and must be performed in this order
exactly. Galinstan, the confining fluid, is reactive with oxygen and when exposed to
oxygen it forms a thin oxide layer [29]. To prevent this from occurring, the Galinstan is
stored in a nitrogen purged glove bag and precautionary measures are taken to prevent its
exposure to air when the system is being filled. 15 mL of Galinstan is loaded into a syringe,
and V8 is used as the filling injection point. First, Galinstan is injected and bled off at V6.
The next step depends on whether a solid or a liquid sample is being tested. A solid sample
fits entirely within the sample reactor. However, when working with a liquid sample, it
was decided that it would be easiest to simply fill the entire sample reactor assembly with
the liquid sample. If a solid sample is used, Galinstan is injected into the sample reactor
assembly and bled off at V11a. However, if a liquid sample is used, Galinstan is injected
and bled off at V10b. In the case of a liquid sample, the system is actually tri-fluidic with
two fluid-fluid interfaces. Measurements for both solid and liquid samples will be provided
subsequently.
Once the two fluids are filled, the appropriate valves can be opened and / or closed
to finish preparation of the instrument for the start of the test. The valves which need to be
opened include: V2a, V3a, V3b, V5a, V5b, V7, V9, and V10a. The valves which need to
be closed include: V1, V2b, V4, V6, V8, V10b, V11a, and V11b. The fluid-fluid interface
between the pressurizing fluid and the confining fluid is initially formed and located at V5.
The vertical section of tubing that the fluid-fluid interface must remain within extends from
V8 at the bottom to V3b at the top. For all of the work presented in this dissertation, the
smaller tubing helix was used. The last two steps in the instrument setup include placing
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the thermocouple (type K) in the thermocouple well of the sample reactor and placing
insulation bricks on top of the environmental chamber to plug the top opening and to
prevent heat escaping and inadvertent air flow (chimney effect) during testing. For a
calibration test, the instrument is set up in exactly the same way as just described; the only
difference is that no sample is inserted for the test.
The next step in test setup deals with checking for leaks. This is performed with
the aid of the LabVIEW program. In the program, it is possible to control the temperature,
pressure, and flowrate setpoints. The leak check is performed as follows. A flowrate of 5
mL/min is entered and the pressure setpoint is progressively increased from 25 MPa up to
100 MPa in 25 MPa increments. The system is allowed to settle at each pressure setpoint
for several minutes. To check for leaks, the flowrate is plotted as a function of time. After
a pressure setpoint is reached, the flowrate will decay to a nominal flowrate of zero if there
are no leaks. However, if a leak is present at any location in the system, the flowrate will
not decay to zero; it will instead plateau off at some positive value whose magnitude is an
indication of the severity of the leak. If a leak is present, quick visual inspection and insitu tightening of valves and other connections is performed. If the leak stops, the test can
be started. However, if the leak cannot be arrested, the system must be unloaded and the
process of cleaning and loading the instrument must be started fresh.
Once a leak check has been successfully passed, there are two options for test
control. For the first option, the custom LabVIEW program prepared by Basic Principles
LLC (refer to Appendix E for a screen capture of the user interface of the LabVIEW
program) has the ability to load simple test sequences (such as heating and cooling with
pressure cycles performed at specified temperature setpoints) and then control the
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instrument to execute the test. The second option involves separately programming in a
temperature sequence into the environmental chamber controller and a pressure sequence
into the pump controller and then simply using the LabVIEW program as a data acquisition
and data recorder. For this second option, the LabVIEW program has no control over the
instrument; it is simply acquiring and recording data. Due to some software development
issues, the second control option is a much better option (at this point). Far greater control
exists over the types of tests that can be performed when both controllers are separately
programmed and the LabVIEW program is simply used as a data acquisition and recorder.
Efforts are ongoing to revise the LabVIEW program and implement better instrument
control; refer to the Future Work section of this chapter for more details.
One particular strength of the BFCF-PVT is the vast design space which exists for
performing experiments with respect to both the types of samples that can be worked with
and the types of tests which can be performed. Throughout the design phase of the
instrument, it was desired to not be limited with respect to the types of samples which can
be tested. In fact, it was intended to be able to accommodate and work with all classes of
polymers, including thermoplastics, thermosets, semi-crystalline, amorphous, elastomers,
glasses, copolymers, and blends, and also be able to accommodate and work with all forms
of samples, including pellets, films, fibers, moldings, greases, and fluids (as well as other
sample forms not included in this list). Whenever possible, a sample size of 2 cm3 (2 mL)
is used, as previously indicated. From experience, this size sample provides for sufficient
resolution with respect to volume change.
When loading a solid sample, the main consideration is ensuring that the sample
can be completely and totally submerged in the confining fluid so that a purely hydrostatic
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pressure can be applied to it during a test. When necessary, additional confining strategies
have been developed to ensure that the sample is submerged and fully confined. Figure
1.11 presents images of several additional confinement strategies that have been
successfully used.

Figure 1.11: Additional Sample Confinement Strategies for the BFCF-PVT

As an example, it was found that a fine mesh steel wool can be packed together
(approximately 0.5 g of steel wool is used) to form a mesh trap that can be used to prevent
polymer melts from flowing out of the sample reactor; see Figure 1.11(b). The sample
densities are always less than the density of the confining liquid metal. As such, there is a
buoyancy force acting on the sample. A polymer sample in the melt state has a strong
driving force to flow upwards and out of the sample reactor. The steel wool mesh trap
prevents this from occurring. The lower the viscosity of the polymer melt, the tighter the
mesh trap that is required. The liquid metal can easily flow through and around the steel
wool mesh, and the contribution of the steel wool to the measurement is negligible.
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As another example, it has been found that porous nickel foam can be used to
encapsulate gel or grease samples so that measurements can be made on a heating scan;
see Figure 1.11(c). The main purposes in using a porous nickel foam in this way are to
assist in loading of the sample into the sample reactor and also to help ensure that the
sample is initially fully submerged within and confined by the liquid metal. Practically
speaking, only a heating scan may be possible for these types of samples. At high enough
temperatures the grease or gel may flow out of the nickel foam (depending on molecular
weight) used for encapsulation and other methods may be necessary to insure proper
confinement during the test.
With the BFCF-PVT, a wide variety of different test protocols can be performed
that involve controlling temperature, pressure, volume, and / or combinations of these;
more information about the open possibilities for testing is included in the Future Work
section of this chapter. It is important to note that for each different and unique PVT test
that is performed, a corresponding calibration test has to be performed as well. The
calibration test has to be identical to the test that one wants to perform. The majority of
the PVT measurements that are discussed in this dissertation were collected by performing
what is referred to as the standard PVT test.
The standard PVT test can be considered to be a survey test because it allows for a
fairly rapid PVT characterization over the full range of both temperatures and pressures
that are accessible with this instrument. The temperature sequence of the standard PVT
test is comprised of a controlled heating and cooling at 0.5 °C/min from room temperature
(approximately 20°C) up to an upper temperature setpoint (dependent on the polymer
system that is being studied) and then back down to room temperature. The reason for a
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heating and cooling rate restricted to 0.5 °C/min is as follows. From center line to center
line, the separation distance of the thermocouple well from the sample cavity is 0.62”; see
Appendix D for the engineering drawing. A slow heating and cooling rate is selected to
minimize the thermal gradient which exists across the entire sample reactor. The smaller
the thermal gradient, the more accurate the temperature measurements that the sample is
experiencing can be made.
The pressure sequence of the standard PVT test is comprised of sequential pressure
cycles at roughly evenly spaced temperature intervals. In the current configuration, the
baseline pressure is 7 MPa (1015.3 psi) and the upper pressure limit that is typically used
is 175 MPa (25,381.6 psi). From experience, it has been found that the system is
sufficiently stiff at and above 7 MPa. During a pressure cycle, the system will pressurize
from 7 MPa up to 175 MPa in one minute and then depressurize from 175 MPa down to 7
MPa in one minute. This corresponds to a pressurization rate of 2.8 MPa/sec. The system
is then held in an isobaric condition at the baseline pressure until the next pressure cycle.
Typical hold periods that have been used include eight minutes and two minutes. These
hold periods correspond to pressure cycles occurring every 5°C and every 2°C,
respectively, based on the heating and cooling rate of 0.5 °C/min. A pressurization and
depressurization duration of one minute is selected due to the fact that the data acquisition
is currently limited to 1 Hz, and sufficient amounts of data are needed for each pressure
cycle to accurately characterize the sample response.

Faster pressurization and

depressurization rates would result in less data collected. For more information about this,
refer to the Future Work section of this chapter.
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From a single standard PVT test, an enormous amount of data is collected, and a
variety of ways to analyze the data have been thoroughly explored.

In terms of

temperature, there is a heating scan and a cooling scan. In terms of pressure, there is a
pressurization (loading), depressurization (unloading), and hysteresis associated with each
pressure cycle. Initial attempts to work with both heating and cooling and both loading
and unloading proved to be too difficult and it was determined that it would be best to
separate these out and pair them in a more convenient way. For example, the analysis
might be limited to the heating scan and the loading of each pressure cycle. Other possible
combinations for further analysis could be heating scan and unloading, cooling scan and
loading, cooling scan and unloading, etc. In this dissertation, the analysis has been limited
to the heating scan and the loading side of the pressurization cycles. Potential future work
could explore the other possible analysis combinations.
All of the analyses, including applying the calibration and any additional data
manipulation, are performed off-line after a test is complete, and Mathematica is the
program within which all analysis is performed. The underlying assumption for the BFCFPVT calibration is that during a test with a sample, the total measured volume response is
a linear combination of the system response and the sample response; see Equation 1.1.
What is of interest is being able to isolate the sample response from the system response;
see Equation 1.2. This is where the calibration routine comes into play. For the first part
of this discussion, how the calibration function object (more specifically, a function object
in Mathematica) is generated will be discussed. The second part of this discussion will
detail how the calibration is applied to a sample dataset.

Eq. 1.1
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Eq. 1.2
The goal of the calibration is to develop a method by which to characterize ∆Vsystem.
It is important to note that all of the volume terms in Equation 1.1 are functions of both
temperature and pressure. As a result, the calibration that is produced needs to also be a
function of both temperature and pressure. Equation 1.3 shows how each ∆V term is
defined. The volume zero point, Vo, has been (arbitrarily) selected as the volume which
occurs at a temperature of 30°C and a pressure of 7 MPa. It is worth noting that other
temperatures and pressures could be used to define the zero point.

Eq. 1.3

In the total dataset, the volumes whose temperatures and pressures are identical (or
very near) to the previously specified values (7 MPa and 30°C) are collected and averaged
to determine the volume zero point. Only the data at the very start of the test is used for
this, before any heating or pressure cycles have taken place. After determining the volume
zero point, it is subtracted from every volume measurement; see Figure 1.12. This
subtraction simply transforms the dataset from a total volume response to a volume change
response.
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Figure 1.12: Subtracting the Volume Zero Point from the Total Dataset

In addition to restricting the analysis to the heating scan and the loading side of the
pressure cycles, one additional restriction is applied; only the data that is above the baseline
pressure is included in the analysis. The reason for this additional restriction deals with
how the density of data points is distributed over the range of temperatures and pressures.
Due to the fact that the system sits at the baseline pressure for the greatest amount of time
during a standard PVT test, most of the measurement data is collected at the baseline
pressure. With such a high density of data, including this in any subsequent analysis would
bias the results of the analysis towards the baseline response. As a result, the analysis is
further restricted to data that is above the baseline pressure.
Next, all of the ∆V data is fit to a quadratic function in temperature and pressure;
see Equation 1.4. This fitted expression has five fitting parameters (c1, c2, c3, c4, c5). Using
a quadratic expression in temperature and pressure allows for any of the potential nonlinear response in both temperature and pressure to be captured.

Eq. 1.4
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There is, however, no strict physical basis for assuming that a quadratic fit would
be the best fit. As a result, linear fits and exponential fits in both temperature and pressure
were also explored as potential calibration functions. As will be discussed shortly, none
of these simple fits, on their own, worked sufficiently well. It was decided to use the
quadratic fit after exploring the other surface functional forms since this proved to be the
most precise analytical form. Unlike other pressurizable dilatometers, for the BFCF-PVT,
it is not necessary to have a strict physical basis for the calibration function. What is
important is that the system response can be accurately characterized so that its contribution
can be removed from the total response (instrument + sample) to obtain the sample
response. It is worth noting that the system response which is being characterized is a
composite response of both the pressurizing fluid and the confining fluid (and the tubing,
valves, pump, etc.). Each fluid is not separately characterized; the response of the
composite two-fluid system is what is characterized. As such, the calibration routine
accounts for all additional compliances that result from hardware components such as the
pump seals, valve stems, tubing, etc.
Having noticed that no simple function (linear, quadratic, exponential) effectively
captures the system response over an entire pressure and temperature range, the residuals
of the fitted function were more closely examined. Equation 1.5 defines how the residuals
are calculated, and it is worth noting that a residual is calculated for each data point in the
entire dataset.

Figure 1.13 shows the quadratic fit to the ∆V dataset and also the

corresponding residuals.

Eq. 1.5
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Figure 1.13: (a) Quadratic Fit (b) Calculated Residuals of the Quadratic Fit

As can be seen qualitatively in Figure 1.13(a), there are certain regions in the
temperature and pressure space where the quadratic fit agrees better with the actual data
points, and there are certain regions that have poorer agreement. Figure 1.13(b) shows the
residuals that are calculated based on the quadratic fit. In order to incorporate the influence
of the residuals, an approach was incorporated using Mathematica. To accomplish this,
Mathematica was used to generate an interpolation function object dependent upon both
temperature and pressure which was locally linear (interpolation order of 1). The main
reason for using a locally linear interpolation (as opposed to a locally non-linear
interpolation) was due to the fact that an unstructured dataset is the type of dataset that is
being worked with. That is, the actual pressures and corresponding temperatures where
measurements are made do not align between the two separate tests (calibration test and
sample test). Figure 1.13(b) also shows the interpolation function fit to the residual data.
Equation 1.6 shows how the residual interpolation function object is incorporated back into
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the calibration, and Figure 1.14 shows a comparison of the calibration with and without the
residual component.

Eq. 1.6

Figure 1.14: (a) Quadratic Calibration
(b) Quadratic Calibration with Residual Component

By incorporating the residual component back into the calibration, the quadratic fit
is locally ‘deformed’ in such a way that it agrees exactly with every single data point. It
has been experienced that this calibration strategy works very well. In subsequent sections
of this chapter, comparisons of dilatometric measurements on several different polymer
systems made using the BFCF-PVT with published data from the Zoller PVT will be
presented and discussed [9]. But first, a brief description will be provided about how the
calibration procedure is actually applied to a sample measurement. Refer to Appendix F
for the Mathematica code for performing the calibration for a solid sample, and refer to
Appendix G for the Mathematica code for performing the calibration for a fluid sample.
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In Mathematica, before applying the calibration routine to a sample dataset, the
calibration file must first be evaluated, and the calibration function object that is generated
is saved to a variable. Referring back to Equation 1.2, ∆Vtotal is a list of data points, and
∆Vsystem is the calibration function object. Each ∆Vtotal data point has a corresponding
pressure data point and temperature data point. In order to apply the calibration, each
pressure and temperature data point set (corresponding to one volume measurement) is fed
into the calibration function object to determine what the expected system response (in the
absence of the sample) would be under the same temperature and pressure conditions.
A strength of this calibration routine addresses the fact that although identical tests
are performed for the calibration test and the sample test, data points are not collected at
identical pressures and temperatures, as previously discussed. It is therefore necessary that
the calibration routine is able to interpolate what the system response would be at the
pressures and temperatures measured during a sample test, and the calibration routine that
has been developed enables just that. Equation 1.7 shows what the calibration function
object looks like for a solid sample, and Equation 1.8 shows what the calibration function
object looks like for a liquid sample. The fitting parameters for each calibration are also
listed.

Eq. 1.7 (Solid Sample)
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Eq. 1.8 (Liquid Sample)
1.3.3 Systematic Leak Correction
It is well established that pressurized fluid systems commonly experience leaking,
and in fact, many pumps have specified leak rates which are dependent upon the conditions
of use [30, 31]. The types of factors which affect the tendency of leaking include pressure
level, seal design, and viscosity of the fluid that is to be pressurized, to name a few. This
should not be surprising; it is a difficult task to ensure complete sealing, especially in a
dynamic system such as the pressurizable dilatometer that has been built. Whenever
possible, extreme care and caution are taken in attempting to ensure that the instrument is
well sealed. For example, when connecting all of the screw connections of the valves and
tubing, calibrated torque wrenches are used to ensure that they have been tightened to the
suggested torque levels (at minimum) [32].
A consideration that came up when selecting the two fluids of the system dealt with
this leak phenomena. Initially, other options, such as using water or oil (e.g. common
motor oil) as the pressurizing fluid, were explored. Either of these fluids would satisfy the
restrictions that are placed on the pressurizing fluid. However, when these two fluids are
compared to the ionic liquid, in terms of their use as a pressurizing fluid, both were worse
choices. As discussed previously, the ionic liquid has a higher bulk modulus, and, from
experience, it was far less susceptible to leaking. Even in designing the standard PVT test
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protocol, this leak phenomena was considered. Recognizing that leaking is more likely to
occur at higher pressure and / or the rate of leaking is likely to be more severe at higher
pressure, it was decided to work with a lower pressure baseline (7 MPa) as opposed to a
high pressure baseline.
What has been found from experience is that even when there are no leaks in the
tubing, valves, and sample reactor or any of the screw connections, there still appears to be
a systematic leak in the instrument which is linear with time. It was estimated that the
magnitude of this systematic leak is approximately 100 µL per 12 hours. It is a very small
leak, and it is believed that this leak is associated with the pump seal assembly. This leak
is so small that it cannot be detected visually at any point in time during a test, and it is not
evident when the leak check is performed, as discussed previously. To correct for this
systematic leak, it was decided to simply apply a baseline correction to the volume data
before the calibration routine is applied. The baseline correction that is implemented
involves calculating the expected leak magnitude (based on the above specified leak rate)
corresponding to each volume measurement and then simply adding it back to the volume.
It has been found that this baseline correction satisfactorily and appropriately corrects for
the systematic leak. The dilatometric measurements presented in this dissertation contain
this leak correction.

1.4 Sample Characterizations and Instrument Comparison with the Zoller PVT
In this section, results from tests on both solid and fluid polymer samples are
compared to data generated on what many consider to be the standard dilatometer in the
polymer community, the Zoller PVT (also known as the GNOMIX PVT). As discussed
previously, much of the available PVT data for polymers that is currently available was
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generated using one of the versions of the Zoller PVT and is available in the textbook
Standard Pressure-Volume-Temperature Data for Polymers which was prepared by Zoller
[9]. Herein, several different comparisons will be made between the BFCF-PVT and the
Zoller PVT. For all of the samples, a water pycnometer was used to measure the density
(and therefore the specific volume, which is the inverse of density) at room temperature.
However, it was found that the density measurements made using the pycnometer appeared
to be systematically lower than the density measurements reported elsewhere for the same
polymer samples. As a result, it was decided to simply use the density measurements that
were reported by Zoller [9]. Table 1.3 lists the density measurements that were made using
the pycnometer and the corresponding density measurements reported by Zoller.
Table 1.3: Density Measurements for the Polymer Samples

Before proceeding to the data comparisons, a brief discussion about how the plotted
isobars are generated (for both dilatometers) from the total dataset for a given sample is
necessary. Recall that, in the standard PVT test performed with the BFCF-PVT, there is a
controlled heating and cooling at 0.5 °C/min. Further, the baseline pressure is 7 MPa, and
pressure cycles are performed at roughly equal temperature intervals of 5°C. A pressure
cycle is composed of a pressurization from 7 MPa up to 175 MPa in one minute followed
immediately by a depressurization from 175 MPa down to 7 MPa in one minute, and then
the pressure is held at 7 MPa for eight minutes before the cycle begins again. The analysis
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is restricted to the heating scan, above the baseline pressure, and on the pressurization
(loading) side of the pressure cycles. From this test, an entire sample characterization is
mapped over the total pressure and temperature ranges. In order to plot isobars from this
total dataset, an algorithm is implemented that isolates from the entire dataset only that
data which corresponds to the desired isobar value. Zoller generated isobars in a similar
fashion but with several important differences that are discussed next.
Zoller PVT plots typically contain six isobars at pressures (MPa) of: 0, 40, 80, 120,
160, and 200 [9]. For the samples discussed herein, comparisons will not be performed
with the Zoller isobars at 0 MPa or 200 MPa. With respect to 0 MPa, Zoller actually
extrapolated his measurements to this pressure. He performed the extrapolation as follows.
Measurements were made between 10 MPa and 30 MPa in increments of 1 MPa. The Tait
equation was then fit to the data of this pressure range and then used to extrapolate the
measurements down to 0 MPa [9]. With respect to 200 MPa, the BFCF-PVT cannot make
measurements at that high of a pressure, and no data extrapolations have been performed
for any of the measurements. As a result, all of the subsequent comparisons are made at
four pressures (MPa) of 40, 80, 120, and 160.
It should be noted that the PVT test performed by Zoller was very similar to the
standard PVT test performed with the BFCF-PVT; however, there were several differences.
Both tests involved measurements made on a heating scan, and both tests involved
measurements made on the pressurization side of loading. In order to generate isobars at
the desired pressure levels (40, 80, 120, and 160 MPa), Zoller interpolated the actual
measurements to the desired pressure setpoints. No such interpolation is performed with
the BFCF-PVT.

For each isothermal loading, Zoller assigned the temperature
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measurement at the start of the loading to every data point in that loading, even if the
temperature continued to change (drift) during that loading or if the temperature changed
as a result of compression of the confining fluid [33]. For the BFCF-PVT, temperature is
continuously measured for each collected data point. Due to the similarities in test protocol
for the two dilatometers and given the historical significance of the GNOMIX PVT, the
comparisons with the Zoller PVT will also be used to evaluate and verify the performance
of the BFCF-PVT.
1.4.1 Comparison of Poly(hexafluoropropylene oxide)
The polymeric fluid sample that is compared is poly(hexafluoropropylene oxide);
its commercial name is Krytox. The sample used by Zoller had an average molecular
weight of 7,000 g/mol, and the sample tested with the BFCF-PVT had an average
molecular weight of 8,250 g/mol. For this experiment, the instrument was tri-fluidic with
two fluid-fluid interfaces. As indicated in the section on test setup, the entire sample
reactor assembly was filled with the liquid sample prior to it being connected to the
instrument. Figure 1.15 presents the PVT comparison for Krytox.

Figure 1.15: PVT Comparison for Poly(hexafluoropropylene oxide)
(a) Entire Dataset from the BFCF-PVT (b) Isobar Comparison
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As can be seen in Figure 1.15, there is very good agreement between the
measurements from the Zoller PVT and the BFCF-PVT. For this polymeric fluid sample,
there are no transitions that take place over the temperatures or pressures that were
characterized. Qualitatively, in comparing the volumetric coefficient of thermal expansion
(and its pressure dependence) and the bulk compressibility (and its temperature
dependence), the BFCF-PVT measurements agree well with the Zoller PVT measurements.
It can be concluded that the testing strategy for working with fluid samples in the BFCFPVT is sufficient and successful.

1.4.2 Comparison of Polystyrene
The first solid sample that is compared with Zoller is polystyrene, which is an uncrosslinked amorphous polymer glass (at room temperature). Figure 1.16 presents the PVT
comparison. Zoller’s polystyrene sample had a molecular weight (Mw) of 110,000, and the
polystyrene sample tested in the BFCF-PVT had a molecular weight (Mw) of 192,000.

Figure 1.16: PVT Comparison for Polystyrene
(a) Entire Dataset from the BFCF-PVT (b) Isobar Comparison
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As can be clearly seen in Figure 1.16, there is excellent agreement between the
measurements from the two dilatometers. For this sample, there is a transition that takes
place within the range of temperatures and pressures examined, the glass transition.
Qualitatively, in comparing the volumetric coefficient of thermal expansion (and its
pressure dependence) both below and above the glass transition temperature and the bulk
compressibility (and its temperature dependence), the BFCF-PVT measurements agree
very well with the Zoller PVT measurements.
It is well known that there is a pressure dependence to the glass transition [34].
More specifically, as the pressure is increased, the glass transition temperature increases.
The measurements from the BFCF-PVT capture this as well and agree with Zoller. The
only reason why the measurements from the BFCF-PVT do not continue to higher
temperatures is that the test was not performed to higher temperatures. There is no reason
to believe that there would be any differences between the two dilatometers or the
measurements at the higher temperatures for this sample

1.4.3 Comparison of Polypropylene
For the second solid sample comparison between the Zoller PVT and the BFCFPVT, isotactic polypropylene is compared. Isotactic polypropylene is a semi-crystalline
thermoplastic, and the glass transition temperature for this particular tacticity is near to 0°C
[35]. As a result, the samples tested possess crystalline material and rubbery amorphous
material. Due to the temperature range tested (room temperature and above), only the
melting transition is characterized. For both dilatometers, the samples were in the form of
pellets. Figure 1.17 presents the PVT comparison.

43

Figure 1.17: PVT Comparison for Polypropylene
(a) Entire Dataset from the BFCF-PVT (b) Isobar Comparison

As can be seen in Figure 1.17(b), there is excellent agreement both below and above
the melting temperature when comparing the results from both dilatometers.

The

volumetric coefficient of thermal expansion (and its pressure dependence) and the bulk
compressibility (and its temperature dependence) appear to match well due to the fact that
the data overlays well. The melting transition appears to occur over a very narrow
temperature window and not much data is collected by either dilatometer within the melting
transition. This is clearly evident in Figure 1.17(a) which shows the entire PVT dataset
from the BFCF-PVT. The temperature interval between each subsequent pressure cycle is
approximately 5°C, and only the two pressure cycles bordering the melting transition
appear to have captured any of the transition itself. This result highlights an interesting
question related to the testing protocol and subsequent analysis. Just as polymer systems
are sensitive to changes in temperature, they are also sensitive to changes in pressure. As
an example related to amorphous polymers, just as there is a glass transition temperature
which is the temperature at which the polymer transitions from a glass to a rubber (upon
heating), there is also a glass transition pressure which is the pressure at which the polymer
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transitions from a rubber to a glass (upon pressurization) [36]. Whereas the glass transition
temperature is an isobaric quantity, the glass transition pressure is an isothermal quantity.
As an example related to semi-crystalline polymers, it is well established that both the
melting temperature and the crystallization temperature have a pressure dependence [19,
37, 38]. Namely, as the pressure is increased, both the melting temperature and the
crystallization temperature also increase.
The question which arose was is it possible using the current testing protocol (which
involves nominally isothermal pressure cycles) and analysis strategy to detect pressureinduced changes / transitions in the polymer samples. The results presented in figure
1.17(a) are an early indication that this might in fact be possible for semi-crystalline
samples. As a sensible future work direction, it would be worthwhile to repeat the current
PVT test on isotactic polypropylene but reduce the temperature intervals between
subsequent pressure cycles (to 1°C or 2°C instead of 5°C). Doing this would enable more
pressure cycles to take place within the melting transition. In an attempt to begin exploring
the possibility of detecting pressure-induced changes in addition to comparing PVT
measurements, one final solid sample was tested, polyethylene.

1.4.4 Comparison of Polyethylene
The third and final solid sample comparison between the Zoller PVT and the BFCFPVT is comparing another semi-crystalline thermoplastic, polyethylene.

The only

additional description of the polyethylene sample provided by Zoller was that it was
branched. The polyethylene sample tested with the BFCF-PVT was linear low density
polyethylene (LLDPE). The reported glass transition temperature for polyethylene is in
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the vicinity of -100°C, so the samples tested possessed both rubbery amorphous material
and crystalline material [39, 40]. Despite the differences in chain structure between the
tested samples, a comparison between them is still appropriate, and any differences
identified between them are likely to be the result of the difference in chain structure. For
both tests, the samples were in the form of pellets. Figure 1.18 presents the PVT
comparison for polyethylene.

Figure 1.18: PVT Comparison for Polyethylene
(a) Entire Dataset from the BFCF-PVT (b) Isobar Comparison

As can be seen in Figure 1.18(b), only the results above the melting transition for
polyethylene agree well between the two dilatometers and there is disagreement below the
melting transition. This observation can be easily explained and does not present an issue.
Above the melting point, the polymer is in the melt state, which is in equilibrium. In the
solid state (below the crystallization temperature), the structure (i.e. morphology) and
corresponding properties of the polymer are dependent upon both the thermal and
mechanical history that the polymer was exposed to. Additionally, the crystalline content
for polyethylene is influenced by the chain structure. As indicated previously, the two
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polyethylene samples tested have different chain structure (branched versus linear low
density). The differences that are seen for polyethylene below the melting point can be
attributed to differences in the initial crystalline content and the chain structure. Once the
samples are above their melting point, the effects of the differences are erased and the
samples behavior identically.
The breadth of the melting transition for polyethylene is sufficiently wide, and it is
clear form figure 1.18(a) that several pressure cycles were able to take place during the
melting transition. With respect to the previously raised question dealing with the ability
of the standard PVT test and calibration procedure to be able to detect pressure-induced
transitions, the results in Figure 1.18(a) indicate that it is possible, at least for semicrystalline samples. Looking at Figure 1.18(a), it appears as if approximately five pressure
cycles occurred during the melting transition of the polyethylene. In fact, several of the
pressure cycles in the vicinity of the melting transition are showing evidence of a pressureinduced crystallization. For the polyethylene sample, it appears that it is possible to detect
pressure-induced changes during those pressure cycles. This is another positive result
which helps to illustrate the robustness and strength of the testing protocol and calibration
strategy developed for the BFCF-PVT. Based on the previous four comparisons with
Zoller, the performance of the BFCF-PVT and the validity of the standard PVT test have
been strongly verified.

1.5 Instrument Comparison with the McKenna PVT
In the Introduction section of this chapter, the design details for a classical (the
Zoller PVT) and contemporary (the McKenna PVT) confining-fluid type pressurizable
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dilatometer were provided, and results from the classical dilatometer were presented in the
prior comparisons. It has been previously described that there are countless different
testing protocols and strategies which can be implemented with pressurizable dilatometers,
in terms of controlling temperature, pressure, volume, or some combination of them. In
fact, the measurement results which are generated during a test can be sensitive towards
and dependent upon the details of the test which is performed. One of the main reasons
that the prior comparisons were restricted to comparisons with the Zoller PVT was because
the test details that were used to generate the measurements with the Zoller PVT were very
similar to the test details of the BFCF-PVT. To demonstrate the sensitivity of the
measurement results to the test details, one final PVT comparison will be made. This time,
the comparison will be made between measurements from the BFCF-PVT and
measurements from the McKenna PVT on a similar polymer sample (polystyrene) [7].
Figure 1.19 presents the PVT comparison.

Figure 1.19: Testing Protocol PVT Comparison for Polystyrene
(a) Entire Dataset from the BFCF-PVT (b) Isobar Comparison

The polystyrene sample tested by McKenna had a molecular weight (Mw) of 221k,
and the polystyrene sample tested with the BFCF-PVT had a molecular weight (Mw) of
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192k. Whereas there was excellent agreement between the measurements from the Zoller
PVT and the BFCF-PVT for this polymer sample (see Figure 1.16), Figure 1.19 shows
substantial disagreement between the measurements from the McKenna PVT and the
BFCF-PVT. Consequently, it is safe to say that there is also disagreement between the
measurement results from the Zoller PVT and the McKenna PVT for this sample. It is
clear that the isobars do not overlay; the isobars from the McKenna PVT appear to be
systematically lower. One of the main attributable reasons for the large differences which
are observed deals with how each instrument performed its respective test. Whereas the
BFCF-PVT performed a set of isothermal bulk compressibility tests upon heating (the
standard PVT test) to map out the pressure-temperature space, the McKenna PVT
performed a set of isobaric cooling tests at the specified pressures. It is interesting to note
that the glass transition temperature appears to be much clearer from the BFCF-PVT
measurements than from the McKenna PVT measurements. This comparison illustrates
well the sensitivity of dilatometric measurement results to the type of test that is performed.

1.6 Future Work
The successful design, development, calibration, and operation of a bi-fluidic,
confining-fluid pressurizable dilatometer has been detailed and

discussed.

A new

calibration procedure based on a quadratically fit volume surface in temperature and
pressure and modified with residuals was implemented. The performance of the instrument
was successfully compared against and verified with published historical data from Zoller
and the GNOMIX PVT. There is, however, much more work which can be pursued and
performed with this instrument. In this section of the chapter, details related to select
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possible future work are provided. The proposed future work is by no means a complete
list of what can be accomplished with this pressurizable dilatometer (the BFCF-PVT).
The pressure range that has been worked within and utilized the most is 7 MPa –
175 MPa. The instrument, however, is capable of working with pressures that are outside
of this range. To do so would require changing specific components of the hardware. At
this point, some preparations have been made to do just this. For example, lower rated
pressure transducers (51.7 MPa (7,500 psi) and 103.4 MPa (15,000 psi) pressure
transducers) have been purchased that would allow experiments to be better performed
over the lower pressure range, more specifically, below 7 MPa. By utilizing lower rated
pressure transducers, the resolution of the pressure measurements could be improved.
Swapping out pressure transducers would require re-programming the pump controller and
performing a new set of calibration experiments with the new hardware.
All of the work thus far has been performed using the custom designed sample
reactor that is rated to 206.8 MPa (30,0000 psi) and 300°C. This has been somewhat of a
limiting factor in the experiments that are performed. For example, if PVT measurements
at lower pressures and / or lower temperatures were of interest, a redesigned sample reactor
better suited to these less severe conditions would be more useful. A larger sample volume
would be possible, and, consequently, measurement resolution could be further improved.
The specifics about how a PVT test is performed could also be further explored.
For the majority of testing that has been performed, the same testing protocols have been
used. These testing protocols include specifications related to heating rate, cooling rate,
rate of pressurization, and rate of depressurization, to name a few. However, any and all
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of these could be changed. Upon changing any of these, it would be necessary to perform
a new calibration.
As discussed previously in the section on calibration strategy, specific restrictions
have been imposed on how a standard PVT test and its accompanying calibration test are
to be analyzed. More specifically, the analysis is restricted to the following conditions: (1)
only consider data that is above the baseline pressure of 7 MPa. (2) only consider data that
is collected during the heating scan. (3) only consider data that is taken during a
pressurization, when the flowrate is positive. It has been found that imposing such
restrictions are necessary to be able to accurately decouple a sample response from the
system response. However, these restrictions leave out much data that is waiting to be
explored. For example, keeping all of the other restrictions the same, it would be possible
to investigate the cooling scan instead of the heating scan. As another example, keeping
all of the other restrictions the same, it would be possible to look at the depressurization,
when the flowrate is negative, instead of the pressurization, when the flowrate is positive.
Lastly, changes could be made to the data acquisition system to further improve the
instrument. Currently, data is collected and saved at 1 Hz (one data point per second). This
limitation in data acquisition has resulted in several shortcomings. For one thing, an
enormous amount of data is being collected for a standard test, much of which is not
needed. For example, for a 24-hour test (24 hours = 86,400 seconds), 432,000 individual
data points (time, temperature, pressure, volume, flowrate) are collected. Having such
large amounts of data can make it difficult to perform post-test analysis unless a more
specialized software is used (such as Mathematica). Due to the testing procedure, much of
the data that is collected during a standard PVT test is collected while the instrument is at
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the baseline pressure. It would be convenient to be able to design and / or program the data
acquisition system so that it only took data when it was triggered to do so, for example
during a pressure cycle. Related to this is the data acquisition rate. Currently, a data
acquisition rate of 1 Hz is being used. This rate was selected for convenience reasons
related to the flowrate and pressurization rate. The faster the pressurization rate, the less
data that can be collected during a pressurization event (given the current data acquisition
rate). It would be convenient if it were possible to alter the data acquisition rate based on
the current flowrate (or pressurization rate). For example, if the goal of an experiment was
to be able to detect pressure-induced transitions under a specific isothermal condition, a
high enough data acquisition rate would be needed so that a sufficiently large dataset could
be collected so that the transition could be detected and evaluated. The design space for
future work is vast and provides many opportunities for future research projects.
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CHAPTER 2
ACCELERATED PHYSICAL AGING AND THERMO-MECHANICAL
CHARACTERIZATION OF ALIPHATIC AND AROMATIC THERMOSETS
2.1 Abstract
One of the major challenges that limits the use of polymeric materials in
engineering applications includes prediction of service life. This is particularly important
in structural applications where alterations in material properties (e.g. stiffness, strength,
and ductility) can occur over time and are influenced by environmental conditions. Hence,
there is considerable interest, from within both industry and academia, to be able to
understand and predict how material properties change with time [1, 2]. In the context of
glassy materials, both organic and inorganic, the phenomenon of physical aging describes
a process by which certain properties of the glass continuously evolve with time [3-12].
Due to the long timescales which are typically involved in physical aging, there is
considerable interest in developing accelerated aging strategies to evaluate and predict
lifetime performance.
The objective of the work described is to investigate the possible effect that ultrahigh-pressure conditioning has on the state of polymeric glassy thermosets and investigate
the potential of this process as a new accelerated aging strategy. A set of three epoxybased thermosetting glasses was selected and aged via two different strategies: thermal
annealing and ultra-high-pressure conditioning. The pressurizable dilatometer (BFCFPVT) described in Chapter1 was used to perform the ultra-high-pressure conditioning.
Characterization of the aged glasses was performed using thermal and mechanical
techniques. In addition to investigating the aging behavior, the influence of specific
molecular properties and network structures is also examined. The scientific contributions
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of this work include the development of an accelerated physical aging strategy which
incorporates ultra-high-pressure and is performed within a dilatometer. Additionally, for
the first time, the aging response of the formulated epoxy-based thermosetting glasses was
characterized.

2.2 Introduction
Glasses, both inorganic and organic, are fully amorphous in their structure and
possess no long-range order, such as that found in crystalline materials [13]. In fact, the
molecular spatial arrangement of glasses is very similar to that of a liquid, if a snapshot of
the liquid structure were considered in an instant of time. Structurally speaking, the main
difference between a glass and a liquid pertains to the timescales of the corresponding
molecular relaxations for each phase [9]. Whereas the molecules of a liquid are constantly
moving and rearranging, the molecules of a glass are ‘frozen’ in place and lack substantial
molecular mobility. As a result of this hindered molecular mobility, a glass is a nonequilibrium material phase, and the out-of-equilibrium character of the glass serves as a
driving force for continual evolution of the glass as it attempts to evolve towards
equilibrium through the process known as physical aging.
Polymer glasses can be further divided into several categories based upon specific
details related to their molecular structure. The main division is between thermoplastics
and thermosets. The main difference in this division deals with the nature of the crosslinks.
Thermoplastics can possess physical crosslinks (such as entanglements between polymer
chains) when the molecular weight of the polymer is above the entanglement molecular
weight.

These types of crosslinks are dynamic and impermanent and can be erased or

created by both mechanical and thermal means. Thermosets, on the other hand, possess
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chemical crosslinks, which are actual chemical bonds between polymer chains, and these
crosslinks are permanent; they cannot be erased by thermal or mechanical means. Both
classes of polymer glasses are susceptible to physical aging; however, the majority of
research studying the physical aging of polymer glasses has focused on thermoplastic
polymer glasses and not thermosets. A set of three epoxy-based thermosetting polymer
glasses with specific alterations in backbone stiffness and crosslink density is investigated.
With respect to physical aging, the most relevant property of a polymer glass is the
glass transition temperature (Tg) [14, 15]. The Tg defines the temperature at which the
material transitions from a glass to a rubber upon heating or from a rubber to a glass upon
cooling. The properties of the material (e.g. stiffness, ductility, coefficient of thermal
expansion) below and above the Tg are substantially and fundamentally different. Figure
2.1 presents a schematic illustrating the origin and importance of the glass transition and
its associated temperature.

Figure 2.1: Schematic Plot Illustrating the Glass Transition [11]
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Figure 2.1 is a schematic plot of volume versus temperature for a glass-forming
material. The dashed black line represents the expected equilibrium behavior for the glassforming material if it were able to maintain its equilibrium character, and the solid blue
line represents the actual behavior of the glass-forming material when the glass is initially
formed upon cooling. In the higher temperature regime, the material is a rubber (referring
to the case of polymeric glass-forming material) which is in the equilibrium state, and the
molecular rearrangements and relaxations that take place enable the material to constantly
maintain its equilibrium nature. However, upon cooling, a point is reached where the
molecular rearrangements and relaxations are not rapid enough to maintain the equilibrium
character of the material, and the material will start to deviate from equilibrium. In this
context, equilibrium is considered with respect to the relative timescales that are associated
with the molecular relaxations that are taking place in the material and the observation
times (as in the observation time that is probed during an experiment). At this point, the
material transitions from an equilibrium rubber to a non-equilibrium glass, and this
transition has taken place at Tg. As illustrated in Figure 2.1, the volume of the glass is
greater than the volume that would be expected for the corresponding liquid, if the liquid
were to exist at that same temperature. The out-of-equilibrium properties of the glass serve
as a driving force for continual evolution of the glass, and physical aging is the process that
describes this evolution [16].
The evolutions that take place during physical aging are ultimately the result of
molecular rearrangements that occur, and as such, the factors that govern molecular
motions strongly influence the rate of physical aging [17]. In fact, physical aging can only
occur over a specific temperature window known as the aging window. In Figure 2.1, the
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aging window is indicated and is bounded by the Tg on the upper temperature side and the
beta transition temperature (Tβ) on the lower temperature side. Above Tg, the material is
an equilibrium rubber, and below Tβ, there is not enough thermal energy present to activate
the molecular motions responsible for physical aging [18, 19]. The ensemble of molecular
motions that are involved in physical aging range in length scale from just above the
monomer (i.e. repeat unit) length scale to the entire main chain length scale.

The

temperature at which the glass is subjected to within the aging window will dictate which
of this ensemble of molecular motions is involved in the physical aging process.
Due to the typically long timescales and slow dynamics associated with the aging
process for polymer glasses at their use temperatures, it has been necessary to develop
testing techniques which accelerate the aging response so that aging tests can be performed
in abbreviated periods of time [2]. The traditional acceleration strategy for physical aging
which has been used is thermal annealing [20, 21] which involves heating the glass to a
temperature that is above the intended use temperature for the polymer glass but below the
Tg for a selected period of time. The foundation upon which this acceleration strategy is
developed is related to the time-temperature equivalence principle common throughout
many areas in polymer science. More specifically, long-time behavior of polymer systems
can essentially be simulated or mimicked by exposing the polymer to higher temperatures.
During thermal annealing, the higher temperature exposures (but still below Tg)
experienced during the conditioning facilitate accessing the expected long-time response
of the polymer glass.
The changes in properties which occur during physical aging are not independent
of one another, and a variety of properties have been used as metrics to characterize aged
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polymer glasses and also evaluate the efficacy of the acceleration strategy used to age them.
Two of the most commonly exploited properties for this purpose have been the Tg and the
yield stress (σy). These properties are particularly sensitive to the molecular structure and
any structural changes that take place in the material. The molecular rearrangements that
take place during physical aging attempt to densify the material as the out-of-equilibrium
volume of the initial glass approaches its (lower) equilibrium value. As such, one expected
characteristic of physical aging is densification. Figure 2.2 illustrates this expected volume
change and accompanying densification during aging at a temperature (Tage) that is within
the aging window.

Figure 2.2: Schematic Illustration of Densification During Aging [22]

As seen in Figure 2.2, the aged glass (referring to the lower red dot) possesses a
smaller volume than the starting glass (referring to the upper red dot). The question of
primary concern is how have the other properties of the aged glass changed. From the
schematic presented in Figure 2.2, it is clear that upon heating the aged glass (see the solid
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green curve) in order to characterize its glass transition, it would appear to intersect its
equilibrium line at a temperature that is less than the initial Tg of the material. This would
lead to the conclusion that a glass which is physically aged possesses a Tg which is lower
than its initial Tg. However, this is not what is observed for polymer glasses which have
been physically aged naturally or through the use of the acceleration strategy of thermal
annealing [23, 24]. Figure 2.3 presents a schematic of the observed response for a glass
that has been physically aged either naturally or through the use of thermal annealing.

Figure 2.3: Schematic of the Response of a Physically Aged Glass [22]

In comparing the solid green curves in Figures 2.2 and 2.3, there is a very distinct
difference. In Figure 2.3, upon heating of the aged glass, the curve continues past the
equilibrium line and overshoots it before eventually returning to the equilibrium line (this
overshoot is highlighted with the pink hashes) [23, 24]. As a result of this overshoot
phenomenon, the apparent Tg of the aged glass is higher than the initial Tg of the glass.
This overshoot has previously been described as an enthalpic overshoot and represents the
additional energy needed to ‘break apart’ the local structure that forms as a result of the
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molecular rearrangements that occur during physical aging [25]. Based on Figure 2.2, it
would be expected that the Tg of the glass would decrease as a function of the age of the
glass. However, what is actually observed is that the apparent Tg increases as a function
of the age of the glass due to the progressive growth and development of the enthalpic
overshoot.
As previously indicated, thermal and mechanical techniques have been the most
commonly used experimental techniques for characterizing aged glasses. Differential
Scanning Calorimetry (DSC) is used to perform a thermal analysis, and compression
testing is used to perform a mechanical analysis on the aged glasses. The thermal analysis
is focused on the Tg, and the mechanical analysis is focused on the σy.
By performing DSC measurements, the glass transition and the enthalpic overshoot
can be characterized. Due to the fact that heat flow is the signal being characterized during
a DSC test, this testing technique is well-suited to detect the enthalpic overshoot, which as
previously discussed describes the amount of additional energy (for example, in the form
of heat) that needs to be input to the glass to ‘break apart’ the aged structure.
Figure 2.4 illustrates schematically DSC heating traces corresponding to a glass
which has been aged via thermal annealing for three different durations at a single
temperature [23-25]. This schematic illustrates several key observations that are arrived at
from a thermal analysis of a glass which has been aged via thermal annealing. Firstly, the
apparent Tg increases as a function of the age of the glass. Secondly, as the age of the glass
increases, an enthalpic overshoot develops in the vicinity of the glass transition and grows
as a function of the age of the glass. Although not illustrated in the schematic, it has been
previously shown that the effects of physical aging are erasable, both by thermal and
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mechanical means. This means that after aging, once the glass is heated to a temperature
above its Tg, its history is erased and its properties return to what they were before aging
occurred.

Figure 2.4: Thermal Characterization of a Physically Aged Glass [25]

It is well established that the thermal and mechanical properties of polymers are
intimately related to one another and that changes in one set will coincide with changes in
the other set. For this work the Tg and the σy will be focused on. Based on the previous
discussion of how the Tg changes as a result of aging, there is a clear expectation of how
the σy will correspondingly change. Namely, as the Tg increases, the σy will also increase.
It is worth noting that during physical aging, the rate of change of these properties is not
identical. Although both will change during aging, each will have their own rate of aging.
In order to characterize the mechanical properties of polymeric glasses,
compression testing, as opposed to tensile testing, is preferred because it reduces the
likelihood of premature failure that might result from the presence of flaws and other
defects in the sample. Aa a result, by performing a compression test, both the low strain
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and high strain regimes can be characterized. In the low strain regime, properties such as
the Young’s modulus (E), yield stress (σy), and rejuvenated stress (σr) can be evaluated,
and in the high strain regime, properties such as the strain-hardening modulus (GR) can be
evaluated; see Figure 2.5 [25-28].

Figure 2.5: Mechanical Characterization of a Physically Aged Glass [25]

It has been established that the low strain regime response during a compression
test is predominately influenced by the local packing of the molecular structure; both interand intra- molecular interactions dominate this response and affect E and σy. In contrast,
the high strain regime is predominately influenced by network connectivity. Consequently,
effects from physical aging are only observed in the low strain regime where properties
such as the σy change and evolve in response to the molecular rearrangements that take
place [29]. This is consistent with the well-established fact that yield is a stress-induced,
thermally activated process that is inherently related to Tg [30, 31]. As the Tg changes, the
σy changes in an accompanying manner.
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Surprisingly (and to the best of our knowledge), pressure has not been explored in
the context of accelerated aging of polymeric glasses. A main objective of this chapter is
to explore the possibility of using pressure as an alternate tool to accelerate the aging
process of polymer glasses. In one context, it may be expected that due to the application
of hydrostatic pressure increasing the initial Tg of the material when it first vitrifies from a
rubber to a glass upon cooling, the starting point for aging will be deeper in the aging
window, and this will retard the aging process [32-34]. However, in another context, the
application of hydrostatic pressure may also start the aging process with a more dense
rubber just before the glass transition is passed through upon cooling, followed by high
pressure providing a greater driving force for further densification (and therefore
accelerating the aging response).

Considering these possibilities, a more thorough

investigation of the effect of pressure in the context of physical aging is warranted, as
depicted in Figure 2.6.

Figure 2.6: PVT Space for Physical Aging
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Finally, little is known with regard to how molecular properties and network
parameters of polymer glasses affect the kinetics of aging and how these factors influence
how the properties of the glass change as a result of aging. For example, if two glassy
thermosets with different formulations are designed with the same initial Tg by specifically
altering their backbone stiffness and crosslink density, would they age identically? These
are additional aspects investigated.

2.3 Experimental
2.3.1 Materials
A set of three stoichiometric epoxy-based thermosetting polymer glasses were
formulated for the physical aging studies performed herein [35, 36]. Table 2.1 lists the
monomers that were used in preparing the glasses along with their chemical structures and
equivalent weight for the functional groups.

Table 2.1: Monomers Used to Prepare the Thermosetting Polymer Glasses
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2.3.2 Preparation of the Samples
The naming convention adopted herein is based on the amine curing agents that
were used in each formulation. They include, D230, 5-2-3, and 5-4-1, where D230
describes the samples cured with D230, and 5-2-3 and 5-4-1 describe the samples cured
with different stochiometric combinations of D230, SD231, and DDS. The samples labeled
5-2-3 indicate that 50% of the amine hydrogens come from D230, 20% of the amine
hydrogens come from SD231, and 30% of the amine hydrogens come from DDS.
Likewise, 5-4-1 indicates that 50% of the amine hydrogens come from D230, 40% of the
amine hydrogens come from SD231, and 10% of the amine hydrogens come from DDS.
The cure schedules for the thermosets were as follows. For D230, after mixing the
DER 332 epoxy resin (The DOW Chemical Company) and the polyetheramine D230
(Huntsman) by hand for five minutes in a glass beaker, the samples were degassed at room
temperature for five minutes and then poured into glass test tubes (ID = 10 mm) that had
been treated with Surfasil siliconizing fluid from ThermoFisher Scientific. The samples
were cured under a nitrogen purge at 80°C for three hours followed by 120°C for three
hours. After curing, the samples were allowed to slowly cool to room temperature under a
nitrogen purge.
The cure schedule for the 5-2-3 and the 5-4-1 samples involved several more steps.
First, DER 332 epoxy resin and DDS (Acros Organics) were heated at 120°C and stirred
by hand for thirty minutes until well mixed. Next, the mixture was cooled to 60°C and the
polyetheramine D230 and polyetheramine SD231 (Huntsman) were added and mixed by
hand. After mixing was complete, the samples were degassed at room temperature for five
minutes and then poured into glass test tubes (ID = 10 mm) that had been treated with
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Surfasil siliconizing fluid. The samples were cured under a nitrogen purge at 100°C for
six hours followed by 200°C for six hours. After the curing was complete, the samples
were allowed to slowly cool to room temperature under a nitrogen purge.
Table 2.2 lists the characteristic properties of the prepared glasses. Crosslink
density (ρc) and molecular weight between crosslinks (Mc) are calculated using Equations
2.1 – 2.3 and the stoichiometry and composition of each of the samples [30, 35, 36]. Me is
the epoxy equivalent weight. Ma is the amine hydrogen equivalent weight. Mx is the
molecular weight of the amine with x-functionality. φx is the molar fraction of amine
hydrogens from the x-functional amine.

Eq. 2.1

Eq. 2.2

Eq. 2.3

Table 2.2: Characteristic Properties of the Thermoset Glasses
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The same sample geometries were used for all of the accelerated aging and
subsequent testing. Sample preparation involved cutting cylindrical samples of two
different sizes (nominal heights of 1 mm and 10 mm) with the diamond saw (LECO VC50). During cutting, a constant stream of cool water was flowed on the sample to prevent
heating.

2.3.3 Dynamic Mechanical analysis
In order to determine appropriate storage conditions for the samples, Dynamic
Mechanical Analysis (DMA) (TA Instruments DMA Q800) was performed to measure the
beta transition temperatures. Samples for DMA were rectangular in shape with nominal
dimensions of 10mm x 5mm x 1mm (length x width x thickness). DMA was performed in
tension mode with a frequency of 1 Hz and a heating rate of 3 °C/min.

2.3.4 Thermal Annealing
Thermal annealing was performed in custom-made heating baths. The baths
consisted of one-liter beakers filled with glycerol (Fisher Scientific) that were heated to the
predetermined temperatures by using hot plates. Samples of each epoxy were placed inside
20 mL scintillation vials along with Drierite (Fisher Scientific) desiccant. The Drierite was
used to both protect the samples from humidity and moisture during the annealing durations
and to serve as an indicator if leaks occurred. The scintillation vials were first sealed with
a plastic sheet and then screwed shut; the lids were then further sealed with tape. The
scintillation vials were then submerged into the heated glycerol and kept submerged by
weights. For each epoxy, samples were removed from their respective heating baths at
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prescribed durations and then stored in the freezer at -40°C until subsequent testing. The
thermal annealing temperature setpoints for each of the epoxies as well as the aging
durations are listed in Table 2.3.

Table 2.3: Thermal Annealing Temperature Setpoints and Aging Durations

2.3.5 Ultra-High-Pressure Conditioning
The ultra-high-pressure conditioning was performed using the BFCF-PVT that is
described in Chapter 1. To perform the ultra-high-pressure conditioning, epoxy samples
were first placed in the sample reactor and then the pressurizable dilatometer was set up
for a solid sample as described in Chapter 1 section 1.3.2. For these samples, no additional
confinement strategy inside of the sample reactor was necessary. The epoxy samples fit
easily inside the available space of the sample reactor; see Appendix D for an engineering
drawing of the sample reactor. A customized test sequence for temperature and pressure
was designed (see Figure 2.7) for performing the ultra-high pressure conditioning. Note
that the conditioning sequence first heats the sample at a relatively low pressure (7 MPa)
to a temperature (150°C) well above the initial Tg of the glass and then holds for thirty
minutes at this elevated temperature and low pressure to ensure the sample evolves to an
equilibrium state. Next, the pressure is increased to 185 MPa to densify the rubbery state.
The sample is cooled while under this high pressure to the same temperature setpoints that
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were used for the thermal annealing aging studies (see Table 2.3). The sample is then held
at the conditioning temperature and pressure for a duration of twelve hours. Following the
conditioning is a controlled cooling to room temperature during which the hydrostatic
pressure of 185 MPa is maintained. Both heating and cooling rates were set at 1 °C/min.

Figure 2.7: Temperature and Pressure Profiles for the Ultra-High Pressure Conditioning

After the ultra-high pressure conditioning was complete, the samples were removed
from the BFCF-PVT and stored at -40°C in a freezer until subsequent testing.

2.3.6 Differential Scanning Calorimetry (DSC)
The 1 mm (in height) sample cylinders were reserved for the DSC testing. One
additional sample preparation step was required prior to testing. Cryo-fracturing was
performed to produce sample fragments from the epoxies of the appropriate size for DSC
(3 - 5 mg). Cryo-fracturing involved submerging the small sample discs in liquid nitrogen
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for fifteen minutes, removing them from the liquid nitrogen, and then quickly hitting them
with a hammer. For all DSC measurements, the instrument used was a TA Instruments
DSC Q200, and a heating rate of 5 °C/min was used for all tests.

2.3.7 Compression Testing
The 10 mm (in height) sample cylinders were reserved for the compression testing.
No additional sample preparation was required prior to testing. An Instron Model # 5800
with a 50kN load cell was used, and a nominal true strain rate of 0.1 min-1 was used to
control the tests. All compression tests were taken to failure. Both platens on the Instron
were lubricated with a silicone oil and Teflon tape to help prevent (or reduce) sticking at
the platens. All of the compression tests were performed at room temperature (~22°C).

2.3.8 Dilatometric Testing
In addition to being used to perform the ultra-high pressure conditioning, the BFCFPVT was also used to dilatometrically characterize an aged glass sample. A customized
test sequence, referred to as the characterize-condition-character PVT test, was developed
for this purpose. Figure 2.8 shows the temperature and pressure profiles for this test
sequence. All of the heating and cooling rates for this test were 0.5 °C/min. The
temperature range for the test went from 30°C up to 125°C. Due to the number of steps
involved in this specialized test, the temperature range covered, and the heating and cooling
rates used, this test took approximately 40 hours to execute. After programming in the
temperature and pressure profiles, the instrument ran on its own for the entire test duration.
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Figure 2.8: Temperature and Pressure Profiles for the
Characterize-Condition-Characterize PVT Test

As can be seen in Figure 2.8, two low pressure isobaric (7 MPa) heating scans are
performed at the start of the test to initially characterize the sample. After the initial
characterization, the ultra-high pressure conditioning is then performed, highlighted in blue
and indicated in Figure 2.8. After the ultra-high pressure conditioning step is complete, a
final low pressure isobaric (7 MPa) heating scan is performed to characterize the pressure
conditioned epoxy sample.

2.4 Results and Discussion
2.4.1 Design of Controlled Molecular Architectures
The formulations for the three stoichiometric epoxy-based polymer glasses were
selected such that, in addition to the various acceleration strategies, additional information
with regard to elucidating the influence of molecular architecture (i.e. backbone stiffness
and crosslink density) may be garnered. All of the thermosetting glasses shared the same
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epoxy monomer, DER 332.

For the synthesis and stoichiometric calculations, the

functionality of each of the amine curing agents was equal to the number of amine
hydrogens on the monomer. With a total of four amine hydrogens, both D230 and DDS
acted as crosslinking monomers. With only two amine hydrogens, SD231 served the
purpose of a chain extender. By varying the amount of SD231 in the formulations, the
molecular weight between crosslinks (and therefore the crosslink density) could be
adjusted. The greater the amount of SD231 in the formulation, the larger the molecular
weight between crosslinks (and the lower the crosslink density). D230 and SD231 do not
possess any aromatic character; however, DDS does possess aromatic character. As a
result, DDS was used in the formulations to increase the backbone stiffness [37].
By design, the samples D230 and 5-2-3 have very similar initial Tg’s but possess
different backbone character and different crosslink densities (see Table 2.2).
Additionally, the samples 5-2-3 and 5-4-1 have similar backbone character, but they differ
in their crosslink densities and their initial Tg’s. The formulations of the epoxies were
designed in such a way to produce these various pairings, and comparisons between the
epoxies will be made on the basis of these pairings in order to explore how the molecular
architectures affect the tendency of the glasses to age.

2.4.2 Storage Temperature for the Glasses
An important consideration for the physical aging work that was addressed before
any aging experiments occurred dealt with sample storage. Ideally, the storage temperature
which is used in an aging study will be outside (more specifically below) the aging window.
As discussed previously, physical aging occurs everywhere within the temperature window
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known as the aging window (bounded by Tg on the upper side and Tβ on the lower side).
As can be seen from Table 2.2, all of the initial Tg’s for the epoxies are above room
temperature (by design), so at room temperature, all of the samples are within the aging
window. Figure 2.9 presents the DMA results in which the beta transition temperatures
(Tβ) of the samples are characterized.

Figure 2.9: DMA Characterization of the Beta Transition

As can be seen in Figure 2.9, the Tβ, as determined by the peak in the tan delta
signal, for each of the epoxies was very near to -50°C. The Tβ is the same for all of the
epoxies because the same molecular structure that is responsible for this transition is
present in each of the epoxies [38-40]. More specifically, molecular motions associated
with the DER 332 monomer produce the beta transition in these materials [38]. Ideally the
samples could have been stored at a temperature below -50°C, but only a freezer with a
temperature setpoint of -40°C was accessible during this work. As a result, all samples
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were stored at -40°C when they were not being conditioned or tested. By storing at this
low temperature, molecular motions are effectively thermally arrested and aging cannot
occur. Consequently, any changes in the samples that are detected in subsequent testing
can be attributed to the accelerated aging that the samples experienced.

2.4.3 Thermal Analysis
Herein, the effects (as measured by DSC) that thermal annealing and pressure
conditioning have on the thermal response of the epoxy networks are presented and
compared. Results and analysis pertaining to the thermal annealing are presented first.
These include characterizations of the glass transition and the enthalpic overshoot, as well
as calculations of the fictive temperatures (Tf) for the thermally annealed samples. Results
and analysis pertaining to the pressure conditioned samples are then presented.
Comparisons are made amongst the measured and calculated Tg’s and Tf’s in order to
investigate the aging response of the glasses.
Figures 2.10 – 2.12 present the DSC heat flow traces for the unaged and thermally
annealed samples for each of the epoxies studied; all of the heat flow traces correspond to
the first heating scan. In each plot, each of the DSC traces are shifted vertically to
reposition them for ease of viewing.
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Figure 2.10: D230 Thermal Analysis Results for Thermal Annealing

Figure 2.11: 5-2-3 Thermal Analysis Results for Thermal Annealing

Figure 2.12: 5-4-1 Thermal Analysis Results for Thermal Annealing
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As can be seen in Figures 2.10 – 2.12, the results from thermal annealing agree well
with what has been previously shown for polymer glasses aged via thermal annealing [23,
24]. There are two key results to highlight from these measurements. First, for each of the
epoxies, the apparent Tg increases as a function of the age of the glass. This result is more
clearly evident when reviewing the measured values for Tg tabulated in Table 2.4.

Table 2.4: Tg Measurements for Thermal Annealing

Second, an enthalpic overshoot is present for each of the thermally annealed epoxy
samples, and the magnitude of this overshoot increases commensurate with the age of the
glass. For each epoxy, there is no evidence of an enthalpic overshoot for the unaged
sample, as expected. Qualitatively, it is interesting to note that the shape of the enthalpic
overshoot seems to be very similar for the 5-2-3 and the 5-4-1 epoxy samples, and that it
appears much different for the D230 epoxy sample. The 5-2-3 and 5-4-1 samples both
have an aromatic character to their backbone, and D230 does not.
Noting that Figure 2.2 schematically represents a reasonable expectation for how
the Tg of an aged glass would change upon aging, one would expect that, upon heating, the
aged glass would intersect the equilibrium line at a temperature which is lower than the
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initial Tg. However, it was explained how the actual observed response of an aged glass
agrees with what is presented in Figure 2.3. That is, upon heating, the aged glass
overshoots the equilibrium line before eventually returning to it. This overshooting
behavior results in the apparent Tg of the aged glass being higher than the initial Tg. From
a theoretical point of view, it is still interesting to know at what temperature the aged glass
would intersect the equilibrium line if it did not overshoot it, and this temperature is
referred as the fictive temperature (Tf). Similar to the Tg, the Tf is another parameter of the
glass that can be used to characterize the structure of the glass and track structural changes
that take place in the glass upon aging [41-43].
However, directly measuring the Tf is a very difficult task [44]. A common
technique to indirectly evaluate the Tf of an aged glass utilizes DSC measurements and an
analysis routine known as Moynihan’s area matching method [22, 45, 46]. This analysis
method has been performed on the polymer glasses that were aged via thermal annealing.
Whereas the apparent Tg increases as a function of the age of the glass, the Tf decreases as
a function of the age of the glass. Figure 2.13 presents the results of Tf calculations for the
epoxies aged via thermal annealing, and Table 2.5 lists the calculated values. A custom
analysis program was prepared using Mathematica in order to calculate the Tf’s using the
DSC heat flow traces for the glasses which had been aged via thermal annealing.
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Figure 2.13: Tf Calculations for the Three Epoxies
(a) D230 (b) 5-2-3 (c) 5-4-1
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Table 2.5: Calculated Tf’s

As mentioned previously, the dynamics of aging are non-linear with respect to the
position within the temperature aging window where the aging is occurring. The closer to
the Tg, the more rapid the aging response. Correspondingly, the changes in properties that
take place during aging, such as with the Tg and the Tf, are also non-linear. Figure 2.14
presents plots of normalized Tg and normalized Tf for the glasses aged via thermal
annealing to help demonstrate this non-linear behavior and to also enable comparison
amongst the epoxies in terms of the influence of molecular and network properties on the
tendency of the glasses to age. In both plots, notice that the axes are log scale.
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Figure 2.14: Normalized Plots of (a) Tg (b) Tf
From the results in Figure 2.14(a), the two epoxies with the higher initial Tg’s
(D230 and 5-2-3) appear to have a similar rate of aging, and the epoxy with the lowest
crosslink density (5-4-1) appears to have the highest rate of aging, specifically with respect
to changes that occur in the Tg. However, something different is seen from the results in
Figure 2.14(b). With respect to changes in the Tf upon aging, the two epoxies with the
higher backbone stiffness (5-2-3 and 5-4-1) appear to age at a similar rate, and the epoxy
with the lower backbone stiffness (D230) appears to have the highest rate of aging.
The dashed lines in both plots of Figure 2.14 are fits to the data for each epoxy
using Equations 2.4 and 2.5. There is no rigorous physical basis for the form of these
equations; they simply help to illustrate the non-linear behavior and facilitate comparison
amongst the epoxies. The fit results are provided in Table 2.6. Tg(t) is the Tg as a function
of age, t. Tgo is the Tg of the unaged sample. Tage is the aging temperature. c1 and c2 are
the fitting parameters.

Eq. 2.4
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Eq. 2.5

Table 2.6: Fit Results for Tg and Tf

Upon evaluating the epoxy samples which had been pressure conditioned, some
very different behavior is observed. Figure 2.15 presents the DSC heat flow traces for the
unaged and the pressure conditioned samples for each epoxy, and Table 2.7 lists the Tg
measurements. Interestingly, the pressure conditioned samples display a depression of the
Tg, and there is no evidence of an enthalpic overshoot for these samples.
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Figure 2.15: Thermal Analysis Results for Pressure Conditioning
(a) D230 (b) 5-2-3 (c) 5-4-1
Table 2.7: Tg Measurements for Pressure Conditioning

It is clear that ultra-high-pressure conditioning ages the polymer glasses in a way
that is fundamentally different from that produced by thermal annealing. At this point, one
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possible explanation is put forth to account for the differences that are seen between the
two aging strategies. As indicated previously, the Tg can be considered a parameter which
reflects the structure of the glass, and changes in the Tg and the features of the transition
itself can be used to track changes in the structure of the glass. During thermal annealing,
additional thermal energy is supplied to the material by holding it at a temperature that is
near to but below the Tg. This additional thermal energy enhances molecular mobility, and
molecular rearrangement takes place as the material attempts to approach a new
equilibrium state (at elevated temperature).

To ‘break apart’ this new molecular

arrangement, which is the result of the aging, additional energy has to be input into the
material, and this additional energy is associated with the enthalpic overshoot and the
increase in the apparent Tg. Consequently, more energy is needed to transition the aged
(via thermal annealing) glass from the glassy state to the rubbery state.
In contrast, the pressure conditioning results indicate that the structure of the glass
that arises from pressure conditioning is substantially different from that produced from
thermal annealing. Less thermal energy (in the form of a lower temperature) is apparently
needed to transition the pressure conditioned glass from the glassy state to the rubbery state
upon subsequent heating. It is proposed that there are two contributing factors for this
observation. Firstly, as a result of the specific temperature and pressure profiles that were
executed during the ultra-high pressure conditioning, all of the epoxies re-vitrified under
the high pressure. As discussed previously, the formation of a glass (including its initial
structure and Tg) is sensitive to the conditions that are present during its formation.
Secondly, as a result of the pressure conditioning, the samples were exposed to a substantial
amount of mechanical strain energy during the entire conditioning duration.
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It is

reasonable to expect that some of this mechanical strain energy remained locked-in the
glass (i.e. in for form of latent free energy) after the conditioning duration was complete
and the pressure removed. In this case, the locked-in mechanical strain energy could
provide a driving force for enhanced molecular mobility, thereby reducing the Tg.
Based on the thermal analysis results presented thus far, the Tg’s measured for the
pressure conditioned samples seem to be more similar in character to the Tf’s calculated
for the glasses that were aged via thermal annealing.

More specifically, pressure

conditioning lowered the Tg just as is expected for the trend related to Tf changes upon
aging, and there was no evidence of an enthalpic overshoot for the pressure conditioned
samples, similar to the definition of the Tf (the absence of an overshoot).
Consequently, utilizing the Tf‘s obtained from the thermal annealing, the Tg‘s from
pressure conditioned samples can be used to determine how the pressure conditioning time
interrelates with the thermally aged times for these glasses. Using the regression fitted
results for the Tf’s and using the Tg measured for the pressure conditioned samples, the
corresponding age of the glass can be calculated. Table 2.8 lists the results of these age
calculations. The ages calculated correspond to time durations at the corresponding
thermal annealing temperatures (not room temperature). From the thermal analysis, it is
clear that ultra-high pressure conditioning imparts an aging behavior that is distinct from
the aging behavior resulting from thermal annealing. In fact, the aging behavior produced
by pressure conditioning appears more similar to what would be expected based on the
description of aging presented in Figure 2.2.
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Table 2.8 Calculated Glass Age Based on Tf’s

All of the changes that result from both thermal annealing and ultra-high pressure
conditioning are erasable. This should be expected as long as none of the aging techniques
are damaging (e.g. breaking bonds), degrading (e.g. hydrolytic or oxidative degradation),
or altering (e.g. further curing) the samples in any way. This was checked by performing
second heating scans in the DSC and verifying that the Tg’s returned to their initial unaged
values. Once the glasses are heated to temperatures above their Tg’s, their history is erased.

2.4.4 Mechanical Analysis
In addition to a thermal characterization, a mechanical characterization in the form
of compression tests was also performed to evaluate the aging behavior of the epoxies. As
previously discussed, it is in the low strain regime where any effects from aging will be
present due to the fact that the mechanical response of the material in this regime is
dominated by inter- and intra- molecular interactions and local nearest neighbor structure
[25]. Because physical aging changes the molecular arrangement that is present in a glass
as a result of the molecular motions that take place, aging will also change mechanical
properties that depend on the intermolecular structure.
As presented in the previous section on the thermal analysis, very specific changes
and trends were observed in the Tg of the epoxies as a result of the aging that they
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experienced. As a result of this, it should be expected that accompanying changes in
mechanical properties will take place. The specific mechanical property of interest that
was selected to focus on was the yield stress (σy). The phenomenon of yield in polymers
is a very complex process. Yield is a stress-induced, thermally activated process that is
dependent on both intrinsic properties of the material and extrinsic conditions during
testing, including proximity of the test temperature to the Tg, level of confinement during
testing, and rate of testing. Once the yield stress is reached, the material begins to flow,
and, in fact, the phenomenon of yield can be compared to a mechanically-induced glass
transition. In the next chapter of this dissertation, some interesting new preliminary results
that examine closer this stress-induced flow behavior at yield will be presented. Equation
2.6 describes the expected relationship between the σy, the Tg, and the temperature at which
the test is performed (Ttest).

Eq. 2.6

As is clear from Equation 2.6, the Tg alone is not the relevant thermal parameter;
instead, the proximity of the test temperature to the Tg (Tg - Ttest) is what matters. For the
mechanical analysis performed, all of the compression testing was performed at room
temperature (~22°C). Assuming a constant test temperature, the σy will be directly related
to the Tg. If the Tg increases, the σy will also increase, and if the Tg decreases, the σy will
also decrease. This relationship between the thermal and mechanical properties provides
a very clear expectation for what should be observed from the compression tests for the
aged epoxies, based on how their Tg’s had changed. The results from compression testing
agree well with the trends that were seen from the thermal analysis.
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Figure 2.16 presents the low strain regime compression curves for the three epoxies
for all of the conditions (unaged, thermally annealed, and pressure conditioned - color code
is included in the plots). For clarity, Tables 2.9 and 2.10 list the measured σy’s for the
epoxies. All of the compression data are plotted as true stress (σT) versus true strain (εT).
The assumption of constant volume deformation was used to convert engineering stress
into true stress.
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Figure 2.16: Low Strain Regime Compression Curves
(a) D230 (b) 5-2-3 (c) 5-4-1
Table 2.9: Measured σy’s for the Unaged and Pressure Conditioned Epoxies

Table 2.10: Measured σy’s for the Thermally Annealed Epoxies

As can be seen in Figure 2.16, for all of the epoxies aged via thermal annealing, the
σy increased as a function of the aging duration, and interestingly, pressure conditioning
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resulted in a σy decrease. These trends in σy agree well with the observed trends in how
the Tg changed for these epoxies. Although it is not relevant to the focus of the current
mechanical analysis, it is interesting to note that the rejuvenated stress level for the pressure
conditioned samples is lower than all of the other samples for each epoxy. Exploring
additional ways in which pressure conditioning affects other mechanical properties could
be an interesting direction for future work.

2.4.5 Combined Thermal-Mechanical Analysis
Having characterized the Tg’s and the σy’s for all of the epoxy samples, the next
task was to investigate the differences in how the epoxies aged that are related to the
molecular and network properties. Figure 2.17 is a plot of σy versus Tg and contains the
measurements from all of the epoxies for all of the conditions (unaged (UN), thermally
annealed (TA) and pressure conditioned (PC)).

Figure 2.17: σy vs Tg
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As can be seen in Figure 2.17, there is a direct proportionality between the σy and
the Tg for each of the epoxies, as expected. For each epoxy studied, pressure conditioning
appears to have produced the greatest changes in both the σy and the Tg when compared to
the changes that result from thermal annealing.

What can be concluded from this

observation is that pressure conditioning produced much more substantial structural
changes in the glasses than did thermal annealing. This is quite remarkable considering
that the ultra-high pressure conditioning was only performed for a duration of twelve hours,
whereas, the thermal annealing experiments were performed for periods of days.
In comparing the higher Tg set of epoxies (D230 and 5-2-3), the epoxy with the
more flexible backbone (D230) experienced greater changes in σy than the epoxy with the
stiffer backbone (5-2-3). However, the reverse is true when comparing changes in the Tg.
The epoxy with the more rigid backbone (5-2-3) experienced greater changes in the Tg than
the epoxy with the less rigid backbone (D230).
From the results, it appears as though molecular properties seem to play a more
prominent role in influencing the aging response of these epoxies when compared to
network properties. One possible explanation for this observation is that the crosslink
densities that were studied are not nearly high enough to start substantially affecting the
ability of the material to rearrange and reorganize during aging. As a potential future work
direction, it would be interesting to perform the same types of accelerated physical aging
experiments on a set of epoxies that had vastly different crosslink densities. One of the
challenges associated with this and a main reason that this was not pursued in the current
work is that as the crosslink density is increased, the Tg also increases and it is not
uncommon for Tg’s for epoxy-based thermosets to approach 200°C [26, 39]. Such high
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Tg’s would make it more difficult to perform the accelerated aging experiments given the
instruments and hardware that are accessible.
Despite the differences that are observed in how each of the epoxies ages, it was of
interest to see if it is possible to collapse all of the aging data onto a master curve. As
previously indicated, the physics of physical aging in polymer glasses is ubiquitous with
all polymer glasses; therefore, by using appropriate parameters, it should be possible to
generate a master curve of the aging response. Attempting this requires determining
relevant parameters that could be used to normalize both the σy and the Tg. Previous work
on aliphatic and aromatic thermosetting systems determined that the cohesive energy
density (Ecoh) and the test temperature (Ttest) could be used to perform these normalizations
[47, 48]. Figure 2.18 presents this normalization of the data that was previously plotted in
Figure 2.17. The σy’s are normalized by the cohesive energy density, and the Tg’s are
normalized by the test temperature. The attempted normalization appears decent.

Figure 2.18: Normalization of the σy and the Tg
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In their work with both aliphatic and aromatic thermosetting systems, Lesser et al.
determined expressions for the dependence of the cohesive energy density for both
aliphatic and aromatic systems on the molecular weight between crosslinks [47]; see
Equations 2.7 and 2.8. These expressions were used to calculate the cohesive energy
densities for the epoxy samples used in this work. The molecular weight between
crosslinks that was used was calculated using Equations 2.1 and 2.2 and based upon
stoichiometry and composition. Equation 2.7 is for an aliphatic system (D230), and
Equation 2.8 is for an aromatic system (5-2-3 and 5-4-1).

Eq. 2.7

Eq. 2.8

In order to better evaluate the normalization that is presented in Figure 2.18, two
different linear analyses were performed: a simple linear analysis (corresponding to the
orange trendline in Figure 2.18) and a robust linear analysis (corresponding to the red
trendline in Figure 2.18). The advantage of performing a robust linear analysis is that it is
far less sensitive to outliers in the data [49, 50]. Whereas a simple linear analysis finds the
best fit to all of the data as a whole, a robust linear analysis performs two-point pair linear
analyses and then determines the best fitting to all of the data from averages of both the
slopes and the y-intercepts that were determined from the pairwise analyses. Table 2.11
lists the fit results from both analyses. Due to the fact that there is good agreement between
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both analyses, it can be concluded that none of the data is acting strongly as an outlier to
the observed trend.

Table 2.11: Fit Results for the Simple and Robust Linear Analyses

2.4.6 Dilatometric Analysis
Thermal and mechanical characterization techniques were the two techniques that
were selected to evaluate the aged glasses. However, they are by no means the only
possible techniques which can be used to characterize glasses which have experienced
physical aging.

Although less common, dilatometry has also been used as a

characterization technique for physical aging, and demonstrating the ability of the BFCFPVT to characterize an aged polymer glass was of interest. In doing so, the results from
the thermal and mechanical characterizations could be checked with an independent
characterization technique.
A custom test sequence was designed that initially characterizes a fresh (unaged)
epoxy sample, next performs the previously described ultra-high pressure conditioning (see
Figure 2.7) on the epoxy sample, and then finally characterizes the pressure conditioned
epoxy sample, all without taking the sample out of the dilatometer. Figure 2.19 presents
the results from the dilatometric characterizations (heating scans #1, #2, and #4 in Figure
2.8) performed during the characterize-condition-characterize PVT test.
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Figure 2.19: Dilatometric Results from the
Characterize-Condition-Characterize PVT Test

The epoxy sample that was used to perform the dilatometric characterize-conditioncharacterize PVT test was 5-2-3. The results presented in Figure 2.19 are quite impressive
and agree well with the results from both the thermal and mechanical characterizations.
However, it should be noted that an equivalent calibration run (using the exact same time,
pressure, and temperature profiles) was not incorporated. Thus, the data presented in
Figure 2.19 was shifted on the volume axis until the rubbery (i.e. equilibrium line) was
matched.
There were no horizontal shifts at all. If desired, a new and specific calibration
procedure could be developed for this type of test to account for the instrument behavior
over this test protocol. This was, however, out of the scope of the work for this chapter.
Having seen from the thermal and mechanical analyses that the effects of aging, both from
thermal annealing and pressure conditioning, are erasable, there was reasonable
justification for performing this vertical shifting of the data.
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In Figure 2.19, the 1st heating (red curve) and the 2nd heating (purple curve)
correspond to the initial low pressure isobaric (7 MPa) characterizations. The 4th heating
(blue curve) corresponds to the low pressure isobaric (7 MPa) characterization performed
after the ultra-high pressure conditioning. From this data, it can be concluded that pressure
conditioning depresses the Tg and that there is no evidence of an enthalpic overshoot
associated with the pressure conditioned glass. Additionally, once the Tg is surpassed and
the material has transitioned into the rubbery state, the effects of the aging are erased.
These results agree exactly with the results from the thermal and mechanical analyses. One
final conclusion that can be reached based on the data in Figure 2.19 is that pressure
conditioning does in fact densify the glass, a signature of physical aging. This is seen by
the fact that the blue curve is lower than the other curves at temperatures below the Tg.

2.5 Conclusions
Accelerated physical aging experiments on a set of three stoichiometric epoxybased thermosetting polymer glasses were performed via two different strategies: the
traditional route of thermal annealing and a newly developed route referred to as ultra-high
pressure conditioning.

DSC measurements and compression testing were used to

characterize the state of aging of the glasses and also to evaluate the efficacy of the
acceleration strategies. It was shown that the glasses aged in the expected manner as a
result of thermal annealing. Namely, both the Tg and the σy increased as a function of the
age of the glass, and an enthalpic overshoot developed in the vicinity of the glass transition
that also developed with age. Tf’s were calculated for the thermally annealed glasses and
decreased as a function of the age of the glass, as expected.
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Pressure conditioning aged the glasses in a different but consistent way.
Specifically, both the Tg and the σy decreased as a result of pressure conditioning.
Additionally, there was no evidence of an enthalpic overshoot in the vicinity of the glass
transition for the glasses which had been pressure conditioned. In comparing the influence
that molecular architecture (i.e. backbone stiffness and crosslink density) had on affecting
the aging response of the glasses, it was observed that backbone stiffness appears to play a
more prominent role in affecting the aging response. In comparing the two acceleration
strategies, pressure conditioning produced greater changes in both the thermal and
mechanical properties. Lastly, all of the changes that occurred from both aging strategies
were erased after heating the samples into the rubbery state.

2.6 Future Work
The results indicate that ultra-high pressure conditioning ages the polymeric glasses
in a different but consistent way when compared to the aging produced by the traditional
route of thermal annealing.

It would be interesting to further explore the intricate

relationships between time, temperature, and pressure as they relate to physical aging. For
the ultra-high pressure conditioning accelerated aging, conditioning was performed at only
one pressure (185 MPa) and for one duration (12 hours) and at one isothermal setpoint
(70°C or 35°C, depending on the initial Tg of the polymeric glass). Each of these
parameters could be changed, and superposition-type relationships between time,
temperature, and pressure could be developed. For example, a set of glasses could be aged
for the same duration at the same isothermal setpoint but at different isobaric setpoints. As
another example, a set of glasses could be aged for the same duration at the same isobaric
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setpoint but for different isothermal setpoints. These sorts of experiments could help to
more thoroughly investigate how the different isothermal and isobaric setpoints and the
associated aging durations at those setpoints affect the tendency and / or rate of aging.
Previous work on physical aging of polymeric glasses demonstrated that the
direction of approach to the isothermal setpoint (either cooling from above or heating from
below) influenced the aging behavior that occurred at the isothermal setpoint. The aging
response was asymmetric with respect to the direction of approach. These types of
experiments in which there is an asymmetry of approach to the final temperature setpoint
are referred to as up-jump and down-jump Kovacs experiments [51, 52]. Another direction
for future work could be performing Kovacs-type up-jump and down-jump experiments in
which the pressure is changed instead of the temperature.
For all of the ultra-high pressure conditioning that was performed, the polymer
samples had been initially heated to a temperature above their glass transitions so that they
could equilibrate in their rubbery state. While in the rubbery state, the pressure was then
increased to the conditioning level in order to densify the rubber and then the temperature
was reduced to the isothermal setpoint. As a result of this temperature-pressure profile, the
glasses that were aged had re-vitrified under intense pressure. It is reasonable to expect
that the aging behavior of a polymer glass is sensitive to the initial structure of the glass,
which itself is the result of the conditions that were present when the glass formed. By
performing Kovacs-type experiments, it would be possible to investigate further the
influence that the initial structure of the glass has on its aging behavior. For example,
identical aging experiments could be performed on a set of glasses, each of which was
vitrified under a different pressure.

100

In section 2.4.6, it was illustrated how the BFCF-PVT can be used as a
characterization instrument as well as a conditioning device. The results of the dilatometric
analysis on a glass sample that had been aged via pressure conditioning were shown to
agree well with the corresponding results from the thermal and mechanical analyses. As a
future work, it would be worthwhile to use the BFCF-PVT to dilatometrically characterize
a glass which had been aged via thermal annealing.
Lastly, another interesting direction of future work deals with synthesizing the
polymer glasses under pressure and then performing the aging experiments, both thermal
annealing and ultra-high pressure conditioning. As previously discussed, the structure of
the glass is sensitive to its thermal and mechanical history and is expected to influence the
aging behavior of the glass. Referring to the synthetic procedures detailed in the section
on sample preparation, it would be possible to synthesize the polymer glasses in the
pressurizable dilatometer under a specific and well-controlled isobaric condition. In order
to perform this synthesis in the sample reactor, it would be helpful to design some sort of
cup and / or enclosure to contain the reagents in while the reactions are occurring. This
would help to ensure that the reagents stay inside of the reactor and do not spread
throughout the tubing and valves of the instrument. In this sort of experiment, it should be
possible to synthesize a sample in the reactor, perform an initial dilatometric
characterization, condition the sample in the instrument, and then perform a final
dilatometric characterization on the conditioned sample.
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CHAPTER 3
OPTOMECHANICAL CHARACTERIZATION OF ISOTROPIC SYSTEMS
UTILIZING BI-DIRECTIONAL OPTICAL EXTENSOMETRY
3.1 Abstract
Constitutive relationships are critical in order to predict the response of a material
given a prescribed load and / or displacement. By far the most common constitutive law
used for isotropic materials is Hooke’s law that requires two independent material
(mechanical) properties to fully describe the deformational response of the material in
response to an arbitrary loading condition [1]. From these two properties, all of the other
properties (i.e. moduli) can be calculated by using the appropriate interrelationships
resulting from Hooke’s law. Although it is typical to conduct separate tests to evaluate
these independent material properties, it is also not uncommon (when possible) to measure
more than one in a single uniaxial test, for example Young’s modulus and Poisson’s ratio.
In order to do this, both the axial and transverse strains must be measured simultaneously
during a uniaxial (tension or compression) test through the use of either contact or noncontact extensometers. Typically, Young’s modulus and Poisson’s ratio are measured and
other moduli like the shear and bulk modulus can then be calculated. In contrast, the direct
measurement of bulk modulus is typically much more difficult to perform unless the
appropriate instrumentation is readily available.
The objective of the research described in this chapter is to experimentally
investigate the interrelationships between Young’s modulus, Poisson’s ratio, and the bulk
modulus as it applies to polymeric glassy networks that have been synthesized to produce
isotropic samples. The three different epoxy-based thermoset glasses used in this chapter
are the same that were used in the physical aging work in Chapter 2. Independent
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measurements of each of the three previously listed mechanical properties were performed.
A non-contact optical extensometry technique was developed to allow for the evaluation
of transverse displacements during uniaxial compression tests so that both Young’s
modulus and Poisson’s ratio could be characterized during compression. The optical
extensometer developed is referred to as a bi-directional optical extensometer (BD-OE).
Herein, the bi-fluidic, confining-fluid pressurizable dilatometer (BFCF-PVT) described in
Chapter 1 was utilized to independently measure the bulk modulus as a function of volume
strain thereby allowing for a more thorough comparison between measured and calculated
values of Poisson’s ratio, bulk modulus, and Young’s modulus. Lastly, a new optical
strategy to characterize densification during compression is proposed. The scientific
contributions of this work are related to aspects of the complete mechanical
characterization of the formulated epoxy-based thermosetting glasses. For the first time,
the pressure and temperature dependence of the bulk compressibility for these materials
was evaluated.

Additionally, volume change was characterized during uniaxial

compression tests using the BD-OE; these measurements indicted the presence of a
densification yield point which agreed well with the traditional yield point.

3.2 Introduction
The three mechanical properties that are focused on herein include the bulk
modulus (K), Young’s modulus (E), and Poisson’s ratio (ν). Knowing any two of these
enables the calculation of the third assuming the material is isotropic and obeys a Hookean
constitutive response [2]. Equation 3.1 shows one such relationship amongst these three
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mechanical properties.

Knowing any two of the properties, the third can be easily

calculated.

Eq. 3.1
Each of the three mechanical properties in Equation 3.1 will be separately measured
using an independent characterization technique. Direct measurements of bulk modulus
require the ability to hydrostatically load a sample and measure the corresponding
volumetric changes that take place. A pressurizable dilatometer, such as the BFCF-PVT
described in Chapter 1 or one of the other dilatometers discussed in Chapter 1, is one of
the few instruments which is capable of directly evaluating bulk modulus [3-5]. The bulk
modulus is characterized directly by way of performing bulk compressibility tests using
the BFCF-PVT. As will be discussed subsequently, each of the three mechanical properties
contained in Equation 3.1 are dependent upon the temperature (as well as other testing
conditions) at which they are evaluated due to the fact that polymeric materials are
viscoelastic in nature. With this in mind, room temperature characterizations will be the
focus. However, in order to further demonstrate the utility and abilities of the BFCF-PVT,
a custom PVT test is designed and executed that enables the characterization of the bulk
modulus as a function of temperature.
Traditional uniaxial compression tests are performed to evaluate Young’s modulus.
In an attempt to reduce the subjectivity inherent in evaluating Young’s modulus, an
analysis routine based upon local stiffness is developed and applied to the compression
data. This analysis routine also aids in evaluating (in a less subjective manner) other
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mechanical properties (e.g. yield stress, rejuvenated stress, post-yield stress drop) which
can be determined from a compression test.
Poisson’s ratio, the final of the three mechanical properties in Equation 3.1, is first
calculated from the measurements of bulk modulus and Young’s modulus. It is also
evaluated using a new optical extensometry technique, the details of which are provided in
this work. The calculated results for Poisson’s ratio are compared against the measured
results. Deriving from the work on measuring Poisson’s ratio using the BD-OE, it was
determined that it may also be possible using the same data to monitor sample volume
evolution well into the nonlinear regime of a compression test. This is important since the
most commonly used assumption in plasticity and nonlinear constitutive models is based
on the idea of constant volume (e.g. associated flow rule). In compression tests of
polymeric glasses, a constant volume assumption allows for calculation of true stress and
strain and enables algorithms for maintaining true strain rate constant [6]. By utilizing the
BD-OE during a compression test, the assumption of uniform and constant volume
deformation can be inspected and potentially modified in improved constitutive modeling.

3.3 Experimental
3.3.1 Materials
The polymer samples used for these studies are the same three epoxy-based
thermoset glasses that were investigated in Chapter 2. Consequently, the monomers and
synthesis details will not be repeated here and the reader is referred to sections 2.3.1 and
2.3.2 [7, 8]. After synthesis was complete, additional sample preparation involved using
a diamond saw (LECO VC-50) to cut the samples into cylinders that had a nominal height
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of 10 mm. The aspect ratio (defined as height:diameter) for all of the samples was
nominally 1:1. After synthesis, all of the samples were stored in the freezer at -40°C until
subsequent testing. No additional thermal treatment was performed on the samples. All
testing (dilatometer, compression, BD-OE) was performed with samples of this size and
shape.
3.3.2 Density Measurements
Density measurements were performed at room temperature (~20°C) using two
water pycnometers (10 mL and 25 mL round bottom flasks) and a laboratory mass balance
(Mettler Toledo XSE 105DU). A water density of 1 g cm-3 was used in the calculations.

3.3.3 Bulk Characterization with the BFCF-PVT
The bulk modulus of the epoxies was characterized as a function of temperature
utilizing bulk compressibility tests performed with the BFCF-PVT.

The bulk

compressibility test conducted varied slightly from the standard PVT tests described in
Chapter 1 in section 1.3.2. Instead of performing pressure cycles at every 5°C change in
temperature, pressure cycles were performed at every 2°C change in temperature. The
heating rate remained at 0.5 °C/min, and the pressure range spanned from 7 MPa up to 175
MPa. Each pressurization and depressurization was performed in one minute intervals,
respectively, and a temperature range of 25°C to 150°C was investigated. Due to the slight
difference in this PVT test (namely the change from 5°C intervals to 2°C intervals) , a new
calibration experiment was performed whose details match the same test conditions.
Calibration of the test measurements (using the appropriate calibration experiment) was
performed in the identical way as previously described in Chapter 1 section 1.3.2.
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3.3.4 Uniaxial Compression Testing with the Instron
No additional sample preparation was required prior to testing. An Instron Model
# 5800 with a 50kN load cell was used, and a nominal true strain rate of 0.1 min-1 was used
to control the tests. All compression tests were not taken to failure; they were loaded up
to 22kN and then unloaded so that additional measurements could be made on the
compressed samples. Both platens on the Instron were lubricated with a silicone oil to
reduce friction between the sample and platens and to prevent sticking. All of the
compression tests were performed at room temperature (~22°C).

3.3.5 Bi-Directional Optical Extensometry (BD-OE)
In addition to the measurements (time, displacement, force) that are already
recorded during a compression test, there is also additional information that can be gathered
by recording optical images during the test. The challenge associated with accessing this
additional information is to correlate the images with other measurements and analyze the
images for displacement fields. The development of the BD-OE was comprised of two
main components: (1) designing and setting up the image recording hardware and (2)
developing an image analysis strategy.

3.3.5.1 Image Acquisition during a Mechanical Test
The objective of this component of the work was to develop a stand-alone, robust,
image acquisition system that could be synchronized with mechanical tests on the Instron.
Being a stand-alone system, it needed to have a camera and its own computer with
controlling software. With respect to its robustness, it should be able to be utilized during
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other types of mechanical testing (e.g. tension, fracture, and stress relaxation, to name a
few) and not just during compression testing. Although additional discussion is outside
the scope and focus of this dissertation, it is worth noting that the BD-OE that was built
has been used successfully during the other types of testing previously listed. The camera
that was selected for use was an off-the-shelf readily available USB camera (Bodelin
Technologies 5 MP Digital Microscope PS-EDU-100), and a custom code was written in
Mathematica to control the image acquisition process.
Image contrast, which influences the ability to differentiate different components
of the image, was controlled mainly through the use of controlled lighting and / or
illumination of the sample during testing. As will be discussed more in the next section on
the image analysis strategy, it is possible to further improve contrast of the collected images
through the use of image analysis. During compression and tension tests, ambient lighting
with a white background was all that was needed to provide sufficient contrast. During
other types of testing that have utilized the BD-OE, additional components such as back
lights and polarized films were needed to produce the necessary contrast.
Image resolution, with respect to both time and space, was controlled via the
settings used to capture the images during the mechanical test. For most tests, a frame rate
(one of the changeable parameters in the control code) of 1 Hz (1 frame per second) was
sufficient and provided decent temporal resolution between subsequent images. Image
spatial resolution was controlled mainly by the raster size parameter (another of the
changeable parameters in the control code) setting and also by the separation distance
between the sample and camera during a test. The raster size parameter specifies the pixel
count in both the x- and y- directions. In general, the camera is placed as close as possible
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to the sample (typically on the order of several inches) in order to minimize unnecessary
background. Once all of the images for a test are captured, they are saved as a .avi video
file.
Due to the fact that the image acquisition system was independent from the Instron,
the synchronization of the start of the test with the start of the image acquisition was manual
(both were started at the same time by hand). By controlling the frame rate, a timestamp
could be generated for each collected image. After a test was complete, the timestamps for
the images could be matched up with the corresponding timestamps (time measurements)
from the Instron. In this way, it was possible to correlate the recorded images with the
corresponding displacement and force measurements from the Instron.

3.3.5.2 Image Analysis Strategy
It is worth noting that the specifics of any image analysis program are going to
inherently be dependent upon the objective of that image analysis. The main objective of
the current image analysis was to be able to evaluate Poisson’s ratio (ν) for the epoxies in
a non-contact manner. Equation 3.2 presents the standard equation for Poisson’s ratio.
εaxial is the strain in the loading direction. εlateral is the strain in the direction transverse
(lateral) to the loading direction. For this work, the axial strain was determined using the
displacement measurements from the Instron. The lateral strain was determined using the
BD-OE, and it was specifically defined as the diameter strain of the sample cylinders.

Eq. 3.2
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The image analysis strategy that was developed for the compression tests is
centered around an edge detection and tracking algorithm that also incorporates a crosshead
(the Instron crosshead) tracking component.

Refer to Appendices H – J for the

Mathematica code that was prepared to perform the edge detection and tracking for the
three epoxies (D230, 5-2-3, and 5-4-1, respectively). For the compression tests on the
epoxies, only the first four minutes of the test were imaged with a frame rate of 1 Hz (this
produced 240 images per test); this resulted in a file size of approximately 3.7 GB for each
test. As will be shown later in this chapter, this recording duration corresponded to each
of the samples reaching at least the rejuvenated stress level. A general description of the
image analysis procedure will be provided next.
To facilitate computational handling of the images, the image list (240 images total)
was broken up into two components, the first 120 images and the second 120 images. Edge
detection and tracking analysis was performed separately on each set. After each set was
analyzed, the results were recombined. Due to subtle differences from sample to sample,
initial analysis settings and the various threshold values used in each analysis were
determined manually (in the program).

After determining appropriate settings and

thresholds for a sample, the edge detection was performed on every image contained in the
image list, and the output from the analysis was the pixel positions in every image of the
detected sample edges.
Figure 3.1 presents representative images for each of the steps of the edge detection
procedure in the order in which they are performed on each image. To begin, a single
image is extracted from the loaded image list (Figure 3.1(a)); this is the raw image. The
following four steps crop the image (in order of left, right, bottom, and top) in order to
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minimize the unnecessary background that is contained in the image (Figures 3.1(b - e)).
The crosshead tracking component is implemented in the top cropping step (more details
provided subsequently). The next step performs a color balance, which is an analysis
operation which aims to transform the colors in an image to a more neutral setting (Figure
3.1(f)). To reduce the computational resources required, the image is next resized to a
smaller size (Figure 3.1(g)). Next, a filtering operation is performed on the image to
remove small artifacts (e.g. scratches/scuffs/defects that can be seen on the sample) that
could negatively influence the ability of the program to detect the sample edges (Figure
3.1(h)). At this point, sufficient contrast has been produced to isolate the sample from the
background, and the edges of the sample can be detected in the image (Figure 3.1(i)).
Figure 3.1(j) shows the detected edges of the starting image highlighted in red; the pixel
positions for the highlighted points are the output of the analysis for this image. This exact
same process is then repeated for every image contained in the image list.

Figure 3.1: Representative Images Illustrating the Edge Detection Algorithm
(a) Raw Image (b) Crop Left (c) Crop Right
(d) Crop Bottom (e) Crop Top (f) Color Balance
(g) Image Resize (h) Filter (i) Edge Detect
(j) Highlighting the Detected Edges
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The crosshead tracking component of the image analysis is performed as follows.
The first (t = 0 seconds) and last (t = 240 seconds) images from the total image list for a
sample are extracted, and the cropping for the left, right, and bottom sides is performed.
The first image is cropped from the top just until the point when the top ‘edge’ of the
sample is removed; the vertical image dimension is noted. The exact same process is
repeated for the last image. Knowing the image dimensions for the first and the last image
in the image list (specifically the vertical dimension), a cropping function for the top edge
of each image can be generated so that each image is cropped the appropriate amount. The
cropping function used for each sample was linear with time (although it can take on any
desired functional form). Without such a crosshead tracking element to the image analysis,
it would be much more difficult to accommodate and remove the extra image ‘features’
associated with the edges of the sample.
After a complete edge detection analysis was complete, each image (with the
detected edges highlighted) was visually inspected to ensure that no errors or mistakes
occurred. Any images with errors or mistakes were removed from the results and further
analysis. Impressively, very few images had errors or mistakes; the success rate of the
edge detection was very good. The number of images with errors or mistakes (out of 240
total images) were as follows: 7 images (for D230), 3 images (for 5-2-3), and 1 image (for
5-4-1). To illustrate the success of the edge detection, the first and last images for each of
the three epoxies are overlaid in Figure 3.2 with the detected edges highlighted in red.
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Figure 3.2: Overlaid First and Last Images for Each of the Epoxy Samples
(a) D230 (b) 5-2-3 (c) 5-4-1

Several details relevant to Figure 3.2 are worth pointing out. The camera is
positioned facing perpendicular to the axis of the sample (the camera is facing the side of
the sample). As such, the diameter of the sample along the entire height of the cylinder is
the feature / dimension which is being characterized with the edge detection algorithm. As
expected, the diameter is approximately uniform from top to bottom of the sample in the
first image.

The last image shows very clearly a barreling phenomenon.

Upon

compression, the height decreases, and the diameter expands. The expansion of the
diameter is greatest in the middle of the sample, and the amount of expansion decreases as
either the top or the bottom platen is approached. The barrel shape is approximately
symmetric about the center of the sample due to identical boundary conditions at the
platens. For visual clarity in Figure 3.2, the center points of the images were matched;
however, during the actual compression test, the top platen is the only one that moves.

3.4 Results and Discussion
3.4.1 Bulk Characterization
Although the main objective of performing the dilatometric characterization on the
epoxies is to determine the room temperature bulk modulus, it is useful to additionally fully
characterize these materials over a broad range of temperatures and pressures. The full
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PVT characterization of these three epoxies can also be used as an additional check of the
BFCF-PVT and the calibration strategy that was developed for the instrument. It should
be noted that the results presented in this section result from testing the epoxy samples after
synthesis and storage at -40°C. No prior thermal history (at elevated temperature) was
conducted to erase molecular arrangements that occur during polymerization. Also note
that the data presented results from the first heating scan only. Additional results could be
compared from the cooling response but are not included herein since it is beyond the scope
of the current studies.
As previously mentioned, these dilatometric tests on the epoxies also served
another purpose. They allowed for an additional check of the operation of the BFCF-PVT,
not only with a different test procedure but also with a different sample (a crosslinked
polymeric glass). Having previously thoroughly characterized these samples for the
accelerated physical aging work in Chapter 2, it was known for each of the samples that
there was a glass transition within the temperature range that would be scanned. Another
objective of this component of the work is to characterize the glass transition of each of the
epoxies through the perspective of the bulk modulus. In the glassy state (below the glass
transition temperature), the material is much stiffer (has a higher bulk modulus), and in the
rubbery state (above the glass transition temperature), the material is much more compliant
(has a lower bulk modulus).

Upon heating through the glass transition, there is a

corresponding decrease in the bulk modulus [5]. Figure 3.3 presents the entire (calibrated)
PVT dataset for each of the epoxies.
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Figure 3.3: Bulk Characterizations for the Three Epoxies
(a) D230 (b) 5-2-3 (c) 5-4-1

From the entire PVT datasets presented in Figure 3.3, it is possible to take slices
through the data in both the pressure and temperature directions. Pressure slices produce
isobars, and temperature slices produce isotherms.

From the isobars, volumetric

coefficients of thermal expansion (volumetric CTE) can be evaluated at different pressures,
and from the isotherms, bulk compressibility (and therefore bulk modulus) can be
evaluated at different temperatures. Figure 3.4 presents a set of isobars for each of the
epoxies at four different pressures (the pressure values listed in the plots are in units of
MPa). These isobars are generated from the entire dataset for each epoxy sample in the
manner as was previously described in Chapter 1 when comparing the measurements from
the BFCF-PVT to the measurements from the Zoller PVT. From these plots, the glass
transition temperature for each of the epoxies can be clearly seen. The material has a lower
volumetric coefficient of thermal expansion below the glass transition temperature when it
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is in the glassy state than above the glass transition temperature when it is in the rubbery
state. Qualitatively, there also appears to be a pressure dependence to the glass transition
temperature, as expected. As the pressure is increased, the glass transition temperature also
increases [9].
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Figure 3.4: Isobars for the Three Epoxy Samples Showing the Glass Transition
(a) D230 (b) 5-2-3 and (c) 5-4-1. Note all pressure values are in MPa.

First, it should be noted that the data presented in Figures 3.3 and 3.4 provide
additional support for the conclusion in Chapter 1 that the operational procedure (i.e. the
standard PVT test) and calibration strategy of the BFCF-PVT are successful. The results
and trends that are seen in the plots agree well with expectations and results from other
characterizations on these materials. In particular, slopes of the isobar data at all pressures
and all compositions are lower in the glassy regime when compared to the rubbery regime,
and the glass transition temperatures for all cases show an increase in Tg as a function of
pressure. It is also interesting to note that, in some of the isobars (depending on pressure
and composition), a depression is shown in the isobar response around the Tg itself in a
similar fashion to that reported in this dissertation and also by Zoller for the case of
polystyrene; see Figure 1.16 in Chapter 1 for the polystyrene plot that also displays this
interesting phenomenon.
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Equation 3.3 presents the definition of the bulk compressibility (β), and Equation
3.4 presents the relationship between the bulk compressibility and the bulk modulus [1012]. V is volume. Vo is initial volume. P is pressure. T is temperature.

Eq. 3.3

Eq. 3.4

Note from Equation 3.3 that the bulk compressibility (and therefore the bulk
modulus) is an isothermal quantity.

Specifically, it must be measured at a single

temperature and, in general, it is a function of temperature. It should be noted that all bulk
moduli measured for the purposes of subsequent calculations with the other mechanical
properties were evaluated at (approximately) 30°C, while all uniaxial compression tests
were conducted at ~22°C. No extrapolation of the bulk moduli data down to (exactly)
room temperature was performed for the subsequent calculations.
Separating out isotherms from the entire PVT dataset is much easier than separating
out isobars largely as a result of the type of test this is executed (referring to the standard
PVT test). Figure 3.5 presents a plot of pressure (P) versus true volumetric strain (εv , true)
for the three epoxies at a single lower temperature for each. At the temperatures indicated
in Figure 3.5, each of the epoxies is in the glassy state; evidence of this can be seen from
the isobars in Figure 3.4. The definition of true volumetric strain is provided in Equation
3.5. From a volumetric point of view, Figure 3.5 is analogous to a traditional plot of stress
versus strain.
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Figure 3.5: Isotherm Plot of Pressure Versus True Volumetric Strain
for the Three Epoxies
D230 Isotherm: 29.0°C / 5-2-3 Isotherm: 28.8°C / 5-4-1 Isotherm: 28.3°C

Eq. 3.5

As can be seen in Figure 3.5 for each of the epoxies, the data is linear over the
pressure range measured; there is no indication of a pressure-induced transition occurring
at the plotted temperature for each of the samples. As previously described in Chapter 1,
it was decided to restrict measurements with the BFCF-PVT to pressures that are above a
baseline pressure of 7 MPa to ensure that the system is sufficiently stiff and below an upper
limit (175 MPa in this case). If the measured pressure range is expanded (both to < 7 MPa
and > 175 MPa), nonlinear response may be observed. In general, the bulk modulus is also
a function of volume strain and increases over higher strain regimes.
For each of the epoxies, the temperature at which the data (in Figure 3.5)
corresponds is deep into the glassy state (well below the glass transition temperature). The
bulk modulus is defined as the slope of the data in a plot of pressure versus true volumetric
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strain; see Equation 3.6. In Figure 3.5, for each epoxy sample, a linear function was fit to
the entire dataset for that particular temperature, and the bulk modulus was determined
from the fitted slope. Figure 3.6 presents the results for bulk modulus as a function of
temperature for the three epoxy samples. Each bulk modulus data point in Figure 3.6 is
the result of a linear fit to the corresponding isothermal pressure versus true volumetric
strain dataset (i.e. bulk compressibility test).

Eq. 3.6

Figure 3.6: Bulk Modulus as a Function of Temperature for the Three Epoxies

As can be clearly seen in Figure 3.6, for each of the epoxies, there is a clear
temperature range over which the bulk modulus decreases considerably. This considerable
decrease in bulk modulus is related to the glass transition when the sample is transitioning
from a stiffer glass to a more compliant rubber. The glass transition temperatures measured
using the bulk modulus agree well with the glass transition temperatures measured using
the DSC for the epoxy samples. Table 3.1 lists the bulk modulus measurements for each
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epoxy at the lowest temperature evaluated; these bulk modulus measurements are used in
the calculation of the expected Poisson’s ratio for each sample.

Table 3.1: Isothermal Bulk Modulus Measurements for the Three Epoxies

3.4.2 Characterization of Young’s Modulus
Compression tests are performed (at room temperature) on the epoxy samples in
order to evaluate Young’s modulus. Before testing, all samples were removed from the
-40°C freezer and allowed to warm to room temperature. All of the samples were loaded
into the strain-hardening regime, but they were not taken to ultimate failure (defined as the
sample breaking apart). More details and reasons for this will be provided in a later section
dealing with tracking densification of the epoxy samples during compression.
During a compression test, three specific measurements are being made with the
load frame and the associated software: time, displacement, and force. From displacement
and force measurements, stress and strain are calculated, and these quantities are needed to
evaluate the various mechanical properties of the material (e.g. Young’s modulus and yield
stress). In this work, true stress (σT) and true strain (εT) are used to quantify the mechanical
response of the samples during the compression testing [13-15]; refer to Equations 3.7 and
3.8. F is force. Ai is the instantaneous cross-sectional area. li is the instantaneous length.
lo is the initial length.
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Eq. 3.7

Eq. 3.8

Rigorously speaking, both true stress and true strain require knowledge of
instantaneous dimensional measurements (instantaneous cross-sectional area and
instantaneous length) throughout the duration of the compression test. In practice, it would
be very difficult to actually make these measurements during a compression test,
specifically the measurement of instantaneous cross-sectional area. As a result, they are
simply calculated using an assumption of constant volume deformation; see Equation 3.9.
Vo is the initial volume. Vi is the instantaneous volume. The same subscripts apply to
areas (Ao and Ai) and lengths (lo and li).

Eq. 3.9

This strategy has been routinely used to arrive at true stress and true strain from
force and displacement measurements and was used in this work as well in evaluating
Young’s modulus of the epoxies [7, 8, 16-18]. However, there are several well-established
problems associated with the constant volume deformation assumption as it relates to a
compression test. One problem is associated with sticking at the platens [19-24]. Although
lubrication is typically used to mitigate this problem, there is still evidence of sticking
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during a test, and this would certainly influence the ability of the sample to deform in a
constant volume manner. Another problem is associated with a phenomenon known as
barreling. Partly as a result of the sticking at the platens, an initially cylindrically shaped
compression sample will eventually start to take on a barrel shape (larger diameter in the
middle and smaller diameter towards the ends). This “barreling” phenomenon that is
experienced certainly challenges and complicates the assumption of constant volume
deformation. In a later section, preliminary measurements and results addressing the
constant volume deformation assumption and its associated problems are presented.
Figure 3.7 presents the low strain regime compression curves for the three epoxies
(just past the yield point). Only the low strain regime of the compression curve is relevant
for the current analysis, so it is focused on in the plot. One objective of this section is to
determine a more rigorous strategy to determine Young’s modulus from compression data.
Young’s modulus is generally defined as the slope of the initial linear elastic regime on a
plot of stress versus strain. This definition is fairly open-ended and allows for subjectivity
in how it is actually applied. To circumvent this subjectivity in evaluating Young’s
modulus, an analysis procedure is developed that segments the total dataset from a
compression test into bins of five data points of nearest neighbors and fits a linear function
to this bin of data and locally determines the stiffness (i.e. the local modulus) by extracting
the slope of this local linear fit. By scanning this local grouping (comprised of groups of
five nearest neighbors) and subsequent linear fitting throughout the entire dataset, it is
possible to evaluate the local modulus throughout the entire test [24]. Figure 3.8 presents
a plot of the local stiffness (or local modulus) as a function of true strain for each of the
epoxies.
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Figure 3.7: Low Strain Regime Compression Curves for the Three Epoxies

Figure 3.8: Local Stiffness as a Function of True Strain for the Three Epoxies

A variety of different quantitative and qualitative results can be gathered from
Figure 3.8, and this type of plot could be used to better guide the way in which compression
curves are analyzed. Using this plot, Young’s modulus is defined as the peak in the local
stiffness versus true strain curves. Table 3.2 lists the Young’s modulus measurements for
the three epoxies; the listed values are averages of 3-4 samples. These Young’s modulus
measurements are used along with the bulk modulus measurements to calculate the
expected Poisson’s ratios in the next section. From Figure 3.8, it is also easy to determine
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the strain at which the Young’s modulus is evaluated. As mentioned previously, one of
the typical challenges associated with determining Young’s modulus is identifying the
appropriate strain regime to use to apply the linear fit. In practice, the compression curve
is not strictly linear in the low strain regime (prior to yield); it is more sigmoidal in shape
[24]. Calculating a local modulus helps to avoid this challenge in choosing an appropriate
strain regime and provides for a more robust and less subjective analysis. After the strain
at which the peak local stiffness is reached, the material begins to soften as it approaches
its yield point; this softening is evident in that the local stiffness begins to decrease. From
Figure 3.8, the strain at which yield occurs is clearly identified as the point at which the
curve crosses the abscissa (the x-axis). Knowing this strain value, the yield stress can then
be determined from the true stress versus true strain curve. Due to the fact that only
Young’s modulus was needed from this analysis, the compression analysis was restricted
to the low strain regime. However, continuing this local stiffness analysis into the
rejuvenated stress and strain-hardening regimes could be an interesting direction for future
work.
Table 3.2: Young’s Modulus Measurements for the Three Epoxies

3.4.3 Calculation of Poisson’s Ratio
Having measured both the bulk modulus (refer to Table 3.1) and Young’s modulus
(refer to Table 3.2) for each of the epoxies, it is possible to calculate the expected Poisson’s
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ratio for each sample using Equation 3.1. Table 3.3 lists the calculated Poisson’s ratios for
the three epoxies. The values listed in Table 3.3 are reasonable for these samples and
within the permissible range.

Table 3.3: Calculated Poisson’s Ratios for the Three Epoxies

3.4.4 Characterization of Poisson’s Ratio
In terms of non-contact techniques for evaluating Poisson’s ratio, optical systems
incorporating lasers and video have been developed [25-27]. These systems generally
require painting targets on the sample that are detected and tracked with the optical
hardware. Typical target shapes have included lines, dots, and speckle patterns [28-31].
During testing, smearing (or thinning out) of the targets complicates the measurements and
can limit the accessible strain regime which can be tested. Another limitation of these types
of systems deals with the target arrangement and placement on the sample. Much of the
analysis for these systems involves determining linear (1-dimensional) displacements
between the targets. Although commercial options exist, they are typically expensive, and
it is not uncommon for custom designed and specialized devices to be built in research
labs.
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The standard expression for calculating Poisson’s ratio is provided in Equation 3.2.
Two different strain measurements are needed to evaluate Poisson’s ratio: the strain in the
axial direction and the strain in a direction that is transverse to the axial direction. For this
work the axial strain was evaluated from the displacement measurements (which are in the
axial direction) from the Instron. The BD-OE was used to measure diameter strains, and
this particular analysis was restricted to the first 120 seconds of each test. Both axial and
diameter strains were evaluated as engineering strains (as opposed to true strains).
Timestamps from both of these strain measurements were used to pair the data accordingly
so that Poisson’s ratio could be evaluated for each sample as a function of time during the
compression test.
To avoid complications associated with edge effects (at the top and bottom of the
sample near to the platens), only the middle half of the sample is analyzed. Figure 3.9
presents the first image of the image list for each epoxy indicating the analyzed region
which is bounded by the dashed black lines. To simplify the presentation of the results and
facilitate discussion, only the results associated with the locations of the blue dashed line
(lower bound of the analyzed region) and the green dashed line (the middle of the sample
and the upper bound to be analyzed) are provided. However, measurements for every
location within the black dashed lines were analyzed. Diameter strains are evaluated as a
function of the height along the sample within the analyzed region. When evaluating the
diameter strains, lateral expansion was all that was considered at a given height position
along the sample.
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Figure 3.9: Region of Analysis for Evaluating Poisson’s Ratio
(a) D230 (b) 5-2-3 (c) 5-4-1

In order to help illustrate the analysis procedure for evaluating the diameter strains
and consequently Poisson’s ratio, Figure 3.10 presents schematics (taken from the actual
edge detections) of the diameter displacements that occur during the compression test
within the analyzed region of the samples. For each schematic in Figure 3.10, five different
snapshots are provided of the detected edges (the gray curves), corresponding to five
different times. For each of these detected edges, there is a colored region (blue, green,
black, red, purple in order of increasing time) highlighting the region of the sample edge
for that snapshot that is included in the diameter strain analysis. All of the diameter strain
analysis was performed in terms of pixel units; it was not necessary to first convert pixel
units to metric units. As previously mentioned, the image analysis incorporates a crosshead
tracking component. As the crosshead of the Instron lowers and the sample starts to slip
at the platens, the corners (referring to the intersection of the sample side with the platen)
of the sample move diagonally, as indicated by the red arrows in Figure 3.10.
After all of the edge detection was complete for a test, interpolation functions (with
interpolation order 1) were generated from the edge data for both the left and right sides.
Next, the middle half of the sample was divided into approximately 200 equally spaced
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slices (in pixel coordinates), and the edge positions (for both the left and right side) were
determined for each of the slices. For a given slice, the diameter is simply the distance (in
pixel units) that separates the left side from the right side. Equation 3.10 shows how the
engineering diameter strain for each slice was then calculated. h is the height position in
the analyzed region of the sample. t is time. Do is the diameter of a slice at the start of the
test, and D is the diameter of the slice as it expands during the test.

Eq. 3.10

Figure 3.10: Schematic of Diameter Expansion and Poisson’s Analysis
(a) D230 (b) 5-2-3 (c) 5-4-1

As previously discussed, due to the barreling phenomenon during compression, the
greatest diameter expansion occurs in the middle of the sample, and the amount of diameter
expansion decreases in an approximately symmetric way as the ends (top and bottom) are
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approached; this can be seen in the snapshots in Figure 3.10. This is another reason why
results in this section are restricted to the locations of the blue and green dashed lines in
Figure 3.9. Poisson’s ratio evaluated in the middle of the sample (at the location of the
green dashed line in Figure 3.9) is an upper bound for Poisson’s ratio due to the fact that
the greatest diameter expansion occurs at this location. Figure 3.11 presents plots of
engineering strain (both axial and transverse) versus time for the three epoxy samples.
These plots show how the various strains evolve throughout the compression test. In each
plot, the black curve is the axial strain (the negative sign is already included in the data),
and the blue and green curves correspond to the height positions indicated by the same
colors in Figure 3.9.

Figure 3.11: Engineering Strain Versus Time for the Three Epoxies
(a) D230 (b) 5-2-3 (c) 5-4-1
Black – Axial / Green & Blue – Transverse (see Figure 3.9 for location on sample)

As can be seen in Figure 3.11, the axial strains are identical for each sample. This
is because each sample was identical in shape and size and the same compression test was
performed on each. Furthermore, the axial strains are greater than the diameter strains for
each of the samples. As expected, the greatest diameter expansion occurs in the middle of
the sample (the green curves). Interestingly, for each sample, there appears to be a period
of time where the two diameter strains (and in fact all of the diameter strains within the
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region analyzed) are identical, and they only appear to diverge later on in the test. This
result supports the idea that there is a period of time during the initial part of the
compression test where there is approximately uniform transverse expansion of the sample
as it is being axially compressed. The barreling effect begins to be evident only after the
diameter strains start to diverge.
In the next section, additional results are presented which help to identify where
along the stress-strain curve the divergence of the diameter strains takes place. From the
engineering strain measurements presented in Figure 3.11, it is possible to calculate
Poisson’s ratio throughout the analyzed duration of the compression test, and Figure 3.12
presents the results.

Figure 3.12: Poisson’s Ratio Versus Time for the Three Epoxies
(a) D230 (b) 5-2-3 (c) 5-4-1
(see Figure 3.9 for color assignment of corresponding location on sample)
In Figure 3.12, each of the dashed red lines mark the values of Poisson’s ratio that
were previously calculated based on bulk modulus and Young’s modulus and listed in
Table 3.3 for each of the epoxies. As can be clearly concluded from the results in Figure
3.12, the measured value of Poisson’s ratio is very sensitive to both the location along the
sample where the measurement is made and also the point during the test that the
measurement is made. From a typical compression test (as was performed here), it is
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difficult to provide a single value for Poisson’s ratio. From this analysis it appears that the
typical compression test is, in actuality, not applying a purely compressive stress to the
sample. The actual state of stress that the sample is experiencing is much more complicated
than simple compression. Even with lubrication at the sample-platen interfaces, there is
still sticking and friction. The sticking and friction effectively contribute additional
constraints and inhibit the sample from deforming freely and uniformly. However, despite
these complications, there is relatively good agreement between the calculated (refer to
Table 3.3) and measured (refer to Figure 3.12) values for Poisson’s ratio for the three
epoxies.

3.4.5 Densification During Nonlinear Compression
After having developed the analysis algorithm for detecting and tracking the edges,
it was possible to extend the compression analysis beyond the characterization of Poisson’s
ratio. Knowing the edge profile of the samples throughout a compression test provides
much more information than just diameter strains. In fact, simply by knowing the edge
profile of a cylindrical shape (or, more specifically, an object of revolution), it is possible
to recreate the cylindrical shape itself. Regenerating the cylindrical shape then allows for
characterization of sample volume and density. In this final section, details related to the
characterization of densification during compression are discussed.
One of the main reasons for using cylindrical samples for compression testing is
related to the convenience with respect to analysis associated with the cylindrical shape
(with respect to deformation, the math related to a cylinder is easier than other geometric
shapes). A more accurate characterization of mechanical properties requires using true
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stress and true strain as opposed to engineering stress and engineering strain, as previously
indicated. However, measuring true stress and true strain is experimentally difficult due to
the fact that it requires measuring instantaneous values of cross-sectional area and sample
length. As a result, it is common practice to simply calculate these true values using
information related to the sample shape and the assumption of constant volume
deformation; see Equation 3.9. Another objective of this work is to evaluate if the
assumption of constant volume deformation is valid.
As previously indicated, when performing the compression tests, the samples were
loaded into the strain-hardening regime (up to a load level of 22kN), but they were not
taken to ultimate failure. Figure 3.13 shows compression curves for samples of each epoxy.
The reason that the samples were not taken to ultimate failure was because the density of
the samples both before and after the compression test were required for these studies.
Figure 3.14 shows what the samples looked like both before and after a compression test.
From experience it is known that, when these samples are taken to ultimate failure,
extremely brittle and violent failure with subsequent fragmentation occurs (i.e. they
explode) requiring a blast shield for protection and fragment containment. Thus, samples
were not taken to ultimate failure to insure accurate measurements of the final density after
completion of the test.
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Figure 3.13: Compression Curves for the Epoxies Not Taken to Ultimate Failure

Figure 3.14: Representative Images of an Epoxy Sample
(a) Before Compression (b) After Compression (not taken to failure)

A mass balance (Mettler Toledo XSE 105DU) and water pycnometer were used to
measure the density of the epoxy samples both before and after compression. Figure 3.15
presents the density measurement results. The red line in Figure 3.15 corresponds to
constant volume deformation (the slope is equal to one), and it is clear that the density after
compression is higher than the density before compression for all of the epoxy samples that
are plotted. The conclusion from this result is that densification occurs as a result of the
compression. This result also indicates that the constant volume deformation assumption
is not (rigorously) valid. It is worth noting, however, that the extent of densification is not
great; it appears to be only several percent at most. The pycnometer measurements are
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unable to indicate how the actual density (or volume) changes throughout the compression
test. Another objective of this component of the work is to investigate how the density (or
volume) evolves during the compression test.

Figure 3.15: Density Measurements Before and After Compression

At this point, a description about how sample volume is evaluated based on the
edge detection will be discussed. As previously mentioned, for each image analyzed, the
edges (both left and right) were detected and an interpolation function (with interpolation
order 1) was generated for both edges from the data points. Using polar equations, the 3dimensional (x, y, z) boundary of the sample shape could then be recreated; see Equation
3.11. r is the radius and is determined from the interpolation functions for the edges. θ is
the angle and runs from 0 to 2π. z is the sample height.
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Eq. 3.11

For each image, two volumes were generated: one corresponding to the left
boundary and one corresponding to the right boundary. All subsequent volume and density
calculations reported are based on an average of the two volumes. In generating the 3dimensional boundaries, increments in θ of 2π/100 were used to map out the full angle
range from 0 to 2π (i.e. a complete revolution). As can be seen in Figure 3.14, the samples
remain cylindrical (or, more specifically, rotationally symmetric about their center axis) in
shape throughout the entire test, and this justifies the current strategy of recreating the
sample shape using this approach. After defining the three-dimensional boundary of the
sample, it is then easy to numerically integrate that defined region and determine the
corresponding volume (in pixel units). As an illustration of what the recreated sample
volume looks like, Figure 3.16 presents the first and last images taken during a compression
test for one of the epoxies and the corresponding recreated volumes for each image using
the right side data.
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Figure 3.16: Recreated Volumes from Compression Images

For this image analysis, the first 240 seconds is analyzed. This time period
corresponds roughly to the stress-strain curve entering the rejuvenated stress level. The
reasoning for restricting this current analysis to this duration was to ensure that the yield
point had been surpassed and also to not stress too greatly the computer hardware that was
used to perform the image processing and analysis (this image analysis was
computationally intensive). Figure 3.17 present plots of volume versus time and density
versus time for the three epoxies. The density was calculated from the volume curves and
the mass of each sample (ρ = m/v). The blue data corresponds to the average value
calculated from the left and right sides at each time point, and the red curve is a smoothed
curve that helps to visualize the underlying trend in the data.
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Figure 3.17: Volume Versus Time and Density Versus Time for the Three Epoxies
(a, d) D230 (b, e) 5-2-3 (c, f) 5-4-1

As can be seen in Figure 3.17, the volume and density results capture the
densification that occurs during compression. It is worth pointing out again that the image
analysis was not performed all of the way to the end of the compression test when the
sample was unloaded; as stated previously, the image analysis was only performed for the
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first 240 seconds. Although images were collected during the entire test, analysis of images
into the strain-hardening regime was outside the focus of the current work.
In order to plot volume in units of cm3 and density in units of g cm-3, a volume
conversion was performed from pixel units to metric units. The pycnometer measurements
that were made before the compression tests and the calculated volume for the first image
in the image list were equated and used to perform the volume conversion. Interestingly,
the densification appears to be non-linear and non-monotonic. The shape of the density
curves actually resembles what is seen on a plot of stress versus strain when yielding
occurs. And, it appears as if there is a density ‘yield point’ similar to how there is a stress
yield point. To explore this interesting response further, the timestamps from the image
analysis were used to pair the density calculations with the corresponding true strain values
(axial true strain) so that the density measurements could be plotted with the corresponding
true stress measurements. Figure 3.18 presents the overlaid plots of density versus true
strain and true stress versus true strain.
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Figure 3.18: Overlaid Density and True Stress Versus True Strain for the Three Epoxies
(a) D230 (b) 5-2-3 (c) 5-4-1

The results presented in Figure 3.18 are preliminary and certainly motivate further
testing. Qualitatively, the density ‘yield point’ matches up well with the stress yield point.
This observation makes sense due to the fact that at yield, the material starts to flow. It
appears that the analysis is able to capture this flow-like behavior. Conclusions from these
results agree with what was seen from the pycnometer measurements. Namely, the
assumption of constant volume deformation is not (rigorously) accurate. There does appear
to be minute changes in volume during a compression test, and the magnitude of these
volume changes appears to only be a few percent. These results further enable the
conclusion that the observed densification is non-linear and non-monotonic.
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3.5 Conclusions
Bulk compressibility tests, uniaxial compression tests, and optical analysis were
performed on thermosetting polymer glasses to independently evaluate their bulk modulus,
Young’s modulus, and Poisson’s ratio.

These independent measurements of elastic

properties allowed for an experimental investigation between the interrelationships
predicted using Hooke’s law for isotropic materials. In addition to characterizing the bulk
modulus as a function of temperature, the bulk compressibility tests also further
demonstrated the successful design of the BFCF-PVT, both in terms of its operation and
its calibration routine.
A new analysis procedure, based off of local stiffness response, was developed to
remove subjectivity in evaluating Young’s modulus from compression data. In order to
evaluate Poisson’s ratio during a compression test, a non-contact optical extensometry
technique was developed that enabled tracking displacement fields over a two-dimensional
field of view. Additionally, using the BD-OE, it was possible to track volume changes
(and therefore density changes) that take place during a compression test. It was observed
that the densification that occurs during compression testing is both non-linear and nonmonotonic in nature.
Incorporating optical analysis into traditional mechanical tests offers a wide variety
of exciting opportunities that are made even more accessible due to the widespread
availability of computers and advanced software that are capable of performing customized
image analysis. The work performed in this chapter illustrates this well.
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3.6 Future Work
In this section, extensions of the work related to the bulk compressibility testing
and the bi-directional optical extensometer are presented. As covered in the section on the
bulk modulus measurements using the BFCF-PVT, it was shown that over the tested
pressure range, there did not appear to be any non-linear effects associated with
progressively pressurizing the sample. Additionally, the bulk modulus that was reported
was a linear fit to the entire dataset for a given pressurization cycle. However, it is
reasonable to expect that non-linear effects related to stiffening of the sample could exist.
Namely, progressively higher pressures could progressively stiffen the sample. This
progressive stiffening of the sample would be evident in a bulk modulus which is
increasing with pressure (and is therefore pressure dependent). Future tests could look into
examining the pressure dependence of the bulk modulus and evaluating both the tangent
bulk modulus and the secant bulk modulus. In a related effort, measurements could be
made over a lower pressure range, below 7 MPa. This, however, would require swapping
out the pressure transducer in the BFCF-PVT for one that has a lower pressure rating.
In its current configuration, the image analysis is focusing on the edges of the
sample and tracking how they displace throughout the duration of a test. An interesting
direction for potential future work could involve painting geometric shapes and / or arrays
(e.g. circles or crosses) on the sides of the samples and then additionally analyzing how
they deform and translate during the test to map out how specific regions of the sample
deform and translate. Doing this could provide additional insight into the displacement
fields which exist during the compression test.
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Another option for future work could be extending the diameter strain analysis to
the ends of the sample (both top and bottom). As previously indicated, this would require
incorporating the axial compression into the transverse expansion. Essentially, the analysis
would need to be able to account for how each slice compressed axially as it expended
transversely. Doing this, however, would enable the characterization of the full range of
Poisson’s ratios that result from this typical form of compression test. The current analysis
identified the upper limit of Poisson’s ratio, located in the middle of the sample. As a result
of the restricted analysis region focused around the center of the sample, the lower limit of
Poisson’s ratio, which would occur at the sample ends, was not determined.
Another aspect of the optical analysis which could be explored is related to the
interface (both top and bottom) between the sample and the compression platens. As was
indicated previously, before the start of a compression test, each of the platens is lubricated
with a silicone oil to promote slippage at the boundaries of the sample. From the optical
analysis, it was possible to identify and then track the slippage at the interfaces between
the sample and the platens. Combining this data with the force measurements, it should be
possible to evaluate a coefficient of friction between the sample and the platen. Having
the ability to evaluate this coefficient of friction could be useful in identifying effective
lubricants to better facilitate slip at the boundaries.
Despite the fact that images were captured with the BD-OE throughout the entire
duration of the compression test, only the initial 240 seconds of the tests were subsequently
analyzed. This time duration roughly corresponded to the rejuvenated stress regime of the
compression test. Results presented showed the non-linear density changes which take
place during the compression test. It would be interesting and worthwhile to extend this
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density analysis past the rejuvenated stress regime and into the strain-hardening regime.
Having a method to track volume changes throughout the entire duration of a compression
test could help in uncovering in greater detail the nature of the state of stress which exists
in the sample. This could then lead to improved understanding and quantification of
material response in the high strain regime.
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APPENDIX NOTES
Appendices A and B are engineering drawings for the two different tubing helices
which have been designed to accommodate different total volume change amounts in the
BFCF-PVT. The tubing helix was designed as an interchangeable component in the BFCFPVT.
Appendix C is the finalized engineering drawing of the workstation for the BFCFPVT. The workstation design that is presented is the generic design; further modifications
/ alterations to the workstation are required when connecting the environmental chamber,
installing the safety components, and installing the passive and active temperature controls.
Inside the upper half of the workstation, where the majority of the tubing and valves (i.e.
the plumbing) is located, the struts are adjustable for appropriate positioning during
assembly of the tubing and valves.
Appendix E presents a screen capture of the front panel (i.e. the user interface) from
the current version of the custom LabVIEW program developed by Basic Principles LLC.
On the right side of the user interface, there are six plots which are interactive data plots.
These plots are used during testing to visualize what is happening. Data signals such as
time, temperature, pressure, volume, and flowrate can be plotted live during a test. The
left side of the user interface contains several measurement indicators and several user
inputs and controls.
Appendices F and G contain the Mathematica code for performing the PVT
calibrations. Due to the same basic structure of each, only Appendix F is annotated, and
its annotations are also appropriate for Appendix G.
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Appendices H, I, and J contain the Mathematica code for performing the optical
analysis on the three epoxy samples. Due to the same basic structure, only Appendix H is
annotated, and its annotations are also appropriate for Appendices I and J.
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APPENDIX A
ENGINEERING DRAWING OF THE TUBING HELIX
WITH LARGER INTERNAL VOLUME
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APPENDIX B
ENGINEERING DRAWING OF THE TUBING HELIX
WITH SMALLER INTERNAL VOLUME
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APPENDIX C
ENGINEERING DRAWING OF THE BFCF-PVT WORKSTATION
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APPENDIX D
ENGINEERING DRAWING OF THE SAMPLE REACTOR
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APPENDIX E
SCREEN CAPTURE OF THE USER INTERFACE OF THE LABVIEW PROGRAM

Active
data
plots

Input
Limits

Data file
Control via
the software
Live
readings
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APPENDIX F
MATHEMATICA NOTEBOOK CODE FOR PERFORMING THE
PVT CALIBRATION FOR A SOLID SAMPLE
Specifying the data file location
Importing the data file
Determining the signals in the data file

Naming convention
Separating the measurements

Collecting time and temperature data
Collecting time and pressure data

Plotting temperature versus time

Plotting pressure versus time
Specifying data lower limit
Specifying data upper limit
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Isolating data that is above the baseline
pressure and on the loading side

3-D
data plot

Gathering the pressure, temperature, and volume data points

Finding volume zero point

Subtracting off the volume zero point

3-D
data plot

Quadratic function in pressure (PP)
and temperature (TT)
Fitting the
data in 3-D

Plotting the fitted surface

Calculating the residuals

Plotting the residuals in 3-D
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Generating an interpolation function of the residuals

Plotting the residual interpolation function in 3-D

Plotting the quadratic fit minus the residual interpolation function

Checking the residuals

Plotting the
residual check

Subtracting the residual interpolation
function from the quadratic surface
The calibration function object is saved to a parameter
so that it can be used in other Mathematica notebooks.

This code has to be evaluated every time a calibration
is required for a solid sample. The test details for a
solid sample must match the test details from the
calibration test. For every unique test, a corresponding
calibration must be performed.

162

APPENDIX G
MATHEMATICA NOTEBOOK CODE FOR PERFORMING THE
PVT CALIBRATION FOR A FLUID SAMPLE
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APPENDIX H
MATHEMATICA NOTEBOOK CODE FOR PERFORMING THE
OPTICAL ANALYSIS FOR D230
Specifying the data file location (for the first 120 seconds)

Importing the data file

Isolating the individual frames

Crop left
Crop right
Crop bottom
Crop top, with
crosshead tracking
Color balance
Image resize
Image filtering
Edge detection

Determining the pixel positions
of the detected edges

Separating the left
and right sides

Calculating the
center position
Centering the edge data

Determining interpolation functions
for the left and right sides

Right side:
(r, θ, z)
Right side:
(x, y, z)

Left side:
(r, θ, z)
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Left side:
(x, y, z)

Creating a 3-D mesh from
the right and left sides
Calculating the volume using
two different techniques
The output from all
of the image analysis

Visual inspection
of potential errors

Separating the
individual results

The images with errors
in the edge detection
Deleting the errors

Separating the
individual results,
with the errors
deleted
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Separating the
individual results,
with the errors
deleted

Specifying the data file location (for the second 120 seconds)

The same analysis is performed on the second 120
seconds as was performed on the first 120 seconds.
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No errors detected
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The results from the first 120 seconds and the second
120 seconds are then combined for further analysis.
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APPENDIX I
MATHEMATICA NOTEBOOK CODE FOR PERFORMING THE
OPTICAL ANALYSIS FOR 5-2-3
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APPENDIX J
MATHEMATICA NOTEBOOK CODE FOR PERFORMING THE
OPTICAL ANALYSIS FOR 5-4-1
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